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Doctor of Philosophy
A study of the application of adaptive optics (AO) in optical coherence
tomography (OCT) and confocal microscopy for the purpose of high
resolution imaging
by Christopher Costa
A problem is presented when imaging the eye in that optical aberrations are introduced
by tissues of the anterior eye such as the cornea and lens. Adaptive optics (AO) and
scanning laser ophthalmoscopy (SLO) have been combined to detect and compensate for
these aberrations through the use of one or more correcting devices. Different corrector
options exist, such as a liquid crystal lens or a deformable mirror (DM), such as that
used in this thesis. This study seeks to use the ability of the DM to add focus/defocus
aberrations to the closed loop AO system. This procedure could allow for dynamic
focus control during generation of B-scan images using spectral domain optical coherence
tomography (SD-OCT), where typically this is only possible using slower time domain
techniques. The confocal gate scanning is controlled using the focus altering aberrations
created by changing the shape of the deformable mirror.
Using the novel master-slave interferometry method, multiple live en-face images can be
acquired simultaneously. In this thesis, application of this method to an AO system is
presented whereby en-face images may be acquired at multiple depths simultaneously.
As an extension to this research, an OCT despeckle method is demonstrated. Further
to this work is the investigation of the role in AO for optimisation of optical systems
without the requirement for direct aberration measurement. Towards this end, genetic
algorithms (GA) may be employed to control the DM in an iterative process to improve
the coupling of light into fibre.
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1.1 The anatomy of the eye
Before the construction of man-made optical systems there existed a complex biological
imaging device - the eye. Eyes can be loosely defined as any biological organ that is
capable of detecting light to create some causal effect, such as electro-chemical impulses
in the brain or, in the case of basic organisms, a simple determination of ambient light
intensity. The first proto-eyes evolved in animals during the Cambrian period, and
rapidly diversified and evolved into the wide range of eyes we know today [1].
Figure 1.1: Diagram showing the anatomy of the human eye
(http://www.depure.org/anatomy-of-human-and-its-explanation/anatomy-of-human-
eye).
Fig. 1.1 shows a diagrammatic representation of the anatomy of the human eye. Light
enters the eye through the pupil and is focused by the lens onto the retina. The lens
itself has a graded refractive index, and may be stretched by the conjoined ligaments
to change the focal length of the eye. This allows for the eye to focus at varying
1
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distances, allowing for a longer range of vision. The retina itself contains over 120 million
photoreceptors, which are light-sensitive cells that produce electro-chemical impulses as
they are stimulated by light [2]. These neural signals are transmitted through the optic
nerve to a region of the brain called the primary visual cortex, which is responsible for
the reconstruction of the image [3]. The region where the optic nerve connects to the
main chamber of the eye is called the optic disc and lacks photoreceptors, creating a
blind spot. To compensate for this blind spot, the eye rapidly moves and integrates the
captured information so the brain may fill in the blind spot. This is called microsaccade
[4].
The iris is responsible for moderating the amount of light that is transmitted into the
eye. It is capable of expanding and contracting dynamically in response to ambient
and directed light levels, in a range between 2 and 8 mm diameter [5][6]. For low light
situations, the iris will expand to dilate the pupil, allowing for more light to enter the
eye. When the environment is bright, the iris will contract to block light until the
photoreceptors on the retina are no longer bleached [7]. The anterior chamber of the
eye is filled with a transparent gel medium called the vitreous humour, which presses
against the retina and helps to maintain the structure of the eye [8]. The composition of
the vitreous is over 98% water, with additional salts, sugars, proteins and a network of
collagen type II fibres. It has a refractive index of 1.337, which increases the numerical
aperture of the eye [9].
Figure 1.2: Diagram showing the anatomy of the retina, with a distribution of rods
and cones (https://classconnection.s3.amazonaws.com/32/flashcards/806032/png/
retina1318520689618.png)
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There are two main types of photoreceptors, rods and cones, with approximately 125
million photoreceptors distributed non-uniformly over the majority of the surface of the
retina [10]. Rods are approximately 2 µm in diameter and cannot distinguish colour or
fine detail, only light intensity. These rod cells are exceptionally sensitive to light and
provide some vision in grey scale in low-light environments. These cells are distributed
across most of the retina except the fovea and the optic disc, with a higher density in the
peripheries of the retina than the central area. A single nerve fibre may be connected
to hundreds of rod cells [11].
Cones (with a size of 6 µm at the widest point) are far less populous than rods, in
the range of 6 to 7 million cells, and are responsible for colour vision and fine detail
determination [12]. These cells are far less sensitive than rods, and require more light to
function and will not operate in low-light environments. Cones can be further divided
into three subcategories, those sensitive to short, medium and long wavelength light.
These equate as sensitivity to blue, green and red portions of the visible spectrum, re-
spectively [13]. Cone cells are most concentrated at the fovea, with a sparse distribution
of cones towards the periphery of the retina. In this region nearer the optic nerve, called
the fovea centralis, the cones are much smaller with diameters of 1 to 3 µm. An image of
the highest detail is provided when looking directly at an object, stimulating the central
region of the retina and activating the most cones. The peripheral vision lacks detail
and the capability to accurately distinguish colour [14].
Like any organic or inorganic system, the eye is not perfect. There are many factors
that negatively impact the performance of the eye and degrade the perceived image.
Myopia, or near-sightedness, is the condition whereby the lens focuses the rays of light
to a point in front of the retina, due to the equivalent power of the lens being too
great for the axial length of the eye [15]. The resultant effect is that images of distant
objects are focussed in front of the photoreceptors, resulting in a blurred image, though
nearby objects are significantly less affected [16]. Typical treatment involves the use
of spectacles to compensate this effect [17]. Conversely, hyperopia is a defect whereby
the light entering the eye is focussed at a point behind the retina, also resulting in
the formation of a defocussed image. This results in an effect called farsightedness,
negatively impacting the imaging of close objects whilst distant objects are significantly
less affected [18]. It is possible to treat this condition with surgery [19].
Accommodation is the term given to the eye’s ability to perform macro and fine focussing
[20]. The eye uses a crystalline lens supported by ciliary ligaments, which may relax
and contract to stretch or compress the lens. When the muscles are relaxed, they pull
on the rim of the lens, drawing it into a relatively flat configuration. This increases its
radii and focal length [21]. Presbyopia is the term given to the defect whereby the range
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of accommodation is reduced, inhibiting the ability to focus on near objects [22][23].
Astigmatism is arguably the most common form of eye defect, caused by an irregular
curvature of the cornea. This causes variation in the equivalent power of light across the
surface of the cornea due to differing refractive indices. Astigmatism may be related to
myopia and hyperopia in various degrees.
Physical damage, disease and age are key factors in eye performance degradation. As the
eye ages there is a progressive reduction in the visual quality produced by the eye. These
defects occur most dramatically in the lens, where its shape, mass and size may change
significantly, affecting the diameter of focussed spots on the retina [24]. Presbyopia
occurs typically in adults aged over 40, with accommodation severely compromised in
adults over 50 years old. Transmission of light is reduced in aged lenses as they become
’cloudy’ with age [25].
Aside from damage and degeneration, the eye itself is a flawed design [26]. The layer
of photoreceptors is located at the back of the retina behind the nerve fibres and blood
vessels, causing attenuation of light. Further, the photoreceptors themselves will bleach
(saturate) at comparatively low light levels (considering available ambient light, e.g. on
a sunny day), necessitating the use of the pupil as a pinhole.
1.2 Motivation
The eye as an imaging system is imperfect and prone to progressive error with age.
Degradation of vision leads to a lower quality of life for an individual, and great progress
has been made in identifying the causes and effects of eye defects. Poor visual acuity may
result from conditions such as glaucoma [27][28] and macular degeneration [29][30][31],
but also be symptomatic of direct damage or greater conditions such as diabetes [32][33].
High definition cameras and microscopes may be used to image the surface of the eye
to visually determine damage or degeneration [34]. Microscopic images of the surface of
the eye have also been compared to histological studies for accuracy measurements [35].
In-vivo imaging of the retina is problematic when the eye itself is flawed. The lens
of the eye, with all its defects, must be considered a part of the optical system when
imaging the retina. Performance of the retinal imaging system is determined largely by
the quality of the eye - namely the condition of the lens, the range of accommodation
and the length of the anterior chamber. Imaging resolution on the retina is contingent
on the pupil size, which is limited by the biological constraints of the organ. The retinal
tissues are very sensitive to light and may be damaged when the illuminating source is
too bright [36]. This limits the maximum light permissible into the eye when imaging
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the retina as care must be taken to avoid damaging the tissues with high optical power.
For safety, emission power of light sources must be reduced, though that also reduces
overall sensitivity of the imaging system as less light is backscattered to the detector.
Factors outside the optical imaging system itself must also be considered; in particular,
the quality of the patient’s eye will have an effect on performance. A degenerated eye will
reduce the light backscattered from the retina resulting in lower intensity, even before
aberrations are considered.
The motivation for this work is to progress technologies that enable safe imaging of the
eye in-vivo for the early diagnosis of retinal defects or other diseases. This research
focusses on non- or minimally-invasive imaging techniques such as scanning laser oph-
thalmoscopy (SLO) and optical coherence tomography (OCT). These techniques are also
useful for imaging other tissues such as skin, and this application will also be investigated.
The effects of eye degeneration on vision may be measured and corrected using adaptive
optics (AO) technologies. Adaptive optics - the process of detecting optical aberrations
and using a control mechanism to compensate - is the core of this research. As described
previously, there are many possible defects that may occur in the eye and adaptive optics
is a critical technology that allows for high resolution imaging of the retina. There are
additional uses for adaptive optics aside from eye imaging. The mechanisms involved in
this technology afford great dynamic control over the optical properties of the system,
and this control may be exploited to enhance its imaging capabilities.
1.3 Chapter Summary
This section provides a brief description of the contents of each chapter and its relevance
to the thesis as a whole. Chapter 1 serves as an introduction to the thesis, discussing
the anatomy of the eye and the state of technologies related to microscopy and OCT.
In addition, the introductory chapter will provide the author’s motivation for research
into this field, specific to the use of confocal microscopy and OCT in application to eye
imaging.
Chapter 2 introduces the field of microscopy and provides a detailed description of the
core theories that support the techniques discussed in this thesis. Special mention is
made of the SLO technology, which provides the basis for the research conducted over
the course of this PhD. The capabilities and limitations of several microscopy techniques
are explored, as are their various practical implementations and applications.
The next chapter develops upon the content of chapter 2 through the introduction of
optical coherence tomography (OCT). The theory of white light interferometry, upon
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which OCT is based, is explained in detail before its imaging applications are discussed.
Also detailed are the various optical sources that make OCT possible, along with a
comparison of the different imaging modalities.
The fourth chapter focusses the thesis in one particular area of research, that of AO
and its role in modern optical systems. Having been applied first to astronomy, this
chapter details the miniaturisation and application of AO to microscopy. The discussion
of adaptive optics continues with an explanation of the various optical aberrations. The
cause and compound effect of aberrations are a core component to the research conducted
in this PhD. Through the detection and management of aberrations, adaptive optics are
capable of greatly improving system resolution, particularly when applied to eye imaging
as demonstrated in this chapter.
Chapter 5 is the first experimental chapter in this thesis. Contained within are details
of a project aiming to implement AO in a combined SLO/OCT imaging system. The
content of this chapter forms the basis for all further experimental chapters as it explores
the capabilities of AO in improving the wavefront error to enhance system resolution.
Explored are the properties of the deformable mirror (DM) and wavefront sensor (WFS),
and the design philosophy of an effective AO-SLO/OCT system. Though the primary
objective of the work was for eye imaging, the system was also used as a high reso-
lution microscope to image other objects. The project is characterised experimentally
by imaging phantoms and resolution targets before acquiring images from biological
samples such as the eye in-vivo.
Chapter 6 expands upon the work detailed in the previous experimental chapter. With
the AO-SLO/OCT system characterised and the performance of the AO assessed, the
next step is to assert control over the wavefront using the deformable mirror. The
broadband optical source is exchanged for a swept source to facilitate higher imaging
speeds. A natural drawback of imaging in the spectral domain (SD) is the decay of
sensitivity with depth and the impossibility to perform dynamic focussing. Time domain
(TD) OCT systems are able to be configured with dynamic focus such that the confocal
gate shifts in synchronism with the coherence gate, achieving good contrast throughout
an axial scan. This is not possible with SD-OCT, so this project seeks to manipulate
the confocal gate using the deformable mirror to simulate the same effect.
Chapter 7 shows preliminary works into the combination of AO with a novel method,
invented in the Applied Optics Group at Kent, termed as master-slave interferometry
(MSI). AO-SLO/OCT provides the capability for high resolution images through the
reduction of voxel size, and MSI allows for live en-face imaging at multiple depths
simultaneously using a swept source (SS). This chapter demonstrates a novel application
of the MSI in attenuating the speckle effect present in OCT images. Results show
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that the system is capable of producing en-face images of specular targets wherein the
speckle, seen as regular fringes over the target, are removed through averaging of several
adjacent en-face images at fractions of the probing wavelength. Also presented are
images acquired of biological tissue in-vivo, demonstrating real-time en-face sectioning
of the thumb and the retina.
The final experimental chapter of this thesis takes a different approach to optimising an
optical system using AO. Wavefront optimisation is typically achieved through repeated
measurement and compensation of the wavefront error using a closed loop connecting a
wavefront sensor and a deformable mirror. There are several factors that must be con-
sidered when designing an AO-SLO/OCT system as detailed in chapter 5. This project
aims to eliminate the dependence of the correction algorithm on the wavefront sensor,
thereby allowing wavefront optimisation to be performed with a more compact system.
This would also allow for wavefront correction using a highly reflective object, and may
negate the disadvantage of the back-reflections incurred when using lenses. Additionally,
the path of the imaging beam may contain some elements that are not common with
the wavefront sensing arm, leaving the AO closed loop blind to the effects of aberrations
induced by these elements. The approach described in this chapter involves the use of a
genetic algorithm (GA) to iteratively explore the search space of solutions to reach an
optimal configuration of the deformable mirror to reach maximum detected irradiance.
The GA solution avoids the problem of non-common elements between the sensing and
imaging paths as it uses the imaging path for sensing also.
Chapter 9 provides an overall summary of the work presented in this thesis, and contains





This chapter summarises the evolution of microscopy techniques into the modern systems
used today. Presented are the core principles of optics and microscopy, including image
magnification and image formation through scanning and detection.
2.2 Conventional microscopy
Though the earliest magnifying glasses were invented in the 13th century, it wasn’t
until the 1590’s when experimentation with multiple lenses were conducted. Two Dutch
spectacle makers, Zacharias Jansen and his father Hans, created a configuration with
several lenses mounted in a tube, and observed that the object at the end of the tube
was magnified significantly beyond the capabilities of a single lens. For many years
the device remained only a novelty until Antoni van Leeuwenhoek created the first true
compound microscope in the late 17th century. Technologies to create improved lenses
through grinding and polishing aided Antoni in creating a microscope with greater than
270x magnification power [37]. Using his microscopes, Antoni was able to make many
important discoveries in microbiology and is today considered the father of microbiology.
2.2.1 Description
Conventional or ’full-field’ microscopes operate by illuminating a sample and observing
backscattered light through a set of optical elements that magnify the image using lenses.
Backscattered light refers to all light that is returned from the sample and captured by
8
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Light source Lens LensBeamsplitter Object
Detector
Figure 2.2: Diagram of a conventional microscope in reflection.
the objective lens, contributing to the image seen by an observer. Fig. 2.1 shows a
conventional microscope in transmission. A light source broadly illuminates the lens
and is focussed onto the object at f . The central point of emission B can be seen
to focus at position B′ and then transmit through the object. The ray then diverges
and is focussed onto the detector at position B′′ by a second lens. Light emitted from
transversal positions A and C from the optical source will also contribute to the detected
image as seen by points A′′ and C ′′. Additionally, light from out-of-focus regions D
within the convergent beam may also contribute to the image D′′ if captured by the
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focussing lens. When the object is highly attenuating, the microscope may be configured
to function in reflection.
Fig. 2.2 shows a conventional full-field microscope in reflection. In this case, a beam-
splitter is used. In this example, light from the source B is collimated by a lens and
transmitted through a beamsplitter to be focussed onto the object at B′ using an ob-
jective lens. Light backscattered from this position is captured by the objective lens,
collimated and reflected to an additional lens that focusses the light onto the detector
at position B′′. This arrangement causes a loss of detected optical power due to the
beamsplitter, however it allows for imaging of objects that are highly attenuating, as










Figure 2.3: Diagram showing light scattering from different depth interfaces in an
object.
As photons travel trough a medium they may experience multiple scattering events upon
contact with similarly or larger sized particles, before being absorbed or backscattered.
These photons may be captured by the objective and return information from out of
focus regions, resulting in loss of image resolution and contrast. This effect can be
seen in Fig. 2.3 where light backscattered from out of focus regions is captured by the
objective lens.
Additionally, the use of a lamp broadly emitting white light can have a similar effect.
Ideally, a microscope would allow for examination of returned light from a single point
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on the sample at any given time. Use of a lamp will illuminate all points of the sample
simultaneously, introducing cross-talk between points; the desired imaging point will be
distorted by rays of scattered light from neighbouring points.
2.3 Scanning microscopy
2.3.1 Description




Scanning pinhole Transversal scanning
Figure 2.4: Diagram of a scanning microscope in transmission.
A scanning microscope improves upon the design of the full-field microscope by using
a point light source to illuminate a single point on the sample. Figure 2.4 shows a
schematic of a scanning microscope in transmission, demonstrating how the single point
of emission B illuminates a single point B′ in the focal plane on the sample. Light
transmitted from point B’ is then focused by a lens to a single point B′′ on the detector.





Figure 2.5: Diagram of a scanning microscope in transmission at different transversal
position.
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Scanning pinhole Transversal scanning
Figure 2.6: Diagram of a scanning microscope in reflection.
Other points in the focal plane are not directly illuminated by the point source until
it is scanned transversally across the surface of the sample. Fig. 2.5 shows the same
scanning microscope wherein the light source pinhole has been repositioned, in a sense
this shifts the point source to position A. The light propagates through the system and
is focussed on a different transversal position on the object A′ in the same focal plane.
The light from this position is then focused onto the detector at position A′′. A complete
image may be formed by sweeping the pinhole across the aperture of the light source. As
the point source is moved, the spot on the sample illuminates each point in the object
sequentially and an image may be formed. In this way there is no direct contribution
of neighbouring points to the desired imaging point. When the scanning microscope is
positioned to image point B′, the contribution from a neighbouring point A′ is minimal,
though not completely eliminated. Fig. 2.7 shows how the point source at B illuminates
only transversal position B′ on the object, and A′ and C ′ are rejected.
Fig. 2.6 shows the configuration of a scanning microscope in reflection. This operates
functionally the same as shown in Fig. 2.2, with the exception that a point source is
used instead of a broad light source.
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2.3.2 Limitations









Figure 2.7: Diagram of a scanning microscope in transmission with contributions from
out of focus region D′ and stray light contribution from different transversal positions
A′ and B′.
Fig. 2.7 also shows that the scanning microscope shares one of the limitations of the
conventional full-field microscope described in Fig. 2.1. When the pinhole is positioned
such that B is the point source, it is expected that only information from B′ should reach
the detector at position B′′. Though there is no direct contribution to the image from
points A′ and C ′, it can be seen that light from an out-of-focus region D′ is captured by
the focussing lens and reaches contributes to the image, causing a defocussed image of









Figure 2.8: Diagram showing scattered light from different transversal positions in
the focal plane contributing to the image seen by the detector.
In addition, there may be some slight contribution of points A′ and B′ to the final
image. Fig. 2.8 shows a closer look at the scattering within the object. Some light that
is focussed at point B′ may scatter to neighbouring positions A′ and C ′ and be captured
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by the lens to form an image on the detector at A′′ and C ′′. This contribution of light
from neighbouring transversal positions will cause a loss in resolution as the ability to
discriminate points is diminished.
2.4 Confocal microscopy
The first reported confocal scanning microscope was built by Marvin Minsky in 1955,
who went on to file a patent in 1957 [38]. In this configuration, the point source was
stationary and the object fixed to a translation stage that scanned the object under the
probing beam. In 1971, two scientists from Yale University published papers describing
the first confocal scanning microscope using a laser [39]. This system achieved scanning
by moving the lens and the cathode ray rather than the object. Later in 1977, scientists
from Oxford University published a paper that discusses theoretical analysis of confocal
laser scanning microscopes [40]. In the late 1980’s, Amos and White from Cambridge
University built the first confocal scanning microscope utilising a flying spot [41][42].
2.4.1 Description
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Figure 2.9: Diagram of a confocal microscope in transmission.
The confocal microscope was designed to address the problems of the scanning micro-
scope with regards to acceptance of rays from out of focus positions. In combination
with a point source, a pinhole is placed at a conjugate point in the system prior to
the detector. As the point source is in position B, the point B′ is illuminated on the
sample, as seen in Fig. 2.9. As with the scanning microscope, the cone of rays illu-
minates points outside of the focal plane D′ and E′, while scattered light illuminates
neighbouring points within the focal plane A′ and C ′.






Point source Lens LensBeamsplitter Object
Point detector
Scanning pinhole Transversal scanning
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Figure 2.10: Diagram of a confocal microscope in reflection.
A pinhole is placed in front of the aperture of the detector, creating a point detector. The
role of this pinhole is to block the light returning from out-of-focus points on the sample.
Rays returning from points A′, C ′ and D′ are blocked by the pinhole and not collected
by the point detector. In this way, the confocal microscope is able to illuminate a single
point on the sample at any given time and also eliminate most of the stray reflections
that might otherwise reach the detector and degrade the image. To form a complete
image the point source must be translated in synchronism with the point detector.
Fig. 2.10 shows the configuration of a confocal microscope in reflection. This configura-
tion serves as the basis for more advanced imaging techniques such as SLO and OCT.
Since transmissive light cannot be collected in the case of eye imaging, a configuration
where light is collected in reflection is important.
In practice, it may be difficult to arrange a confocal microscope with multiple moving
pinholes as described in Fig. 2.9. Light from an optical source may be emitted from a
fibre, with the fibre tip acting as a point source, with an effective pinhole size equal to
the fibre core. Likewise, light returned from the object may be collected by a lens and
focussed onto a fibre tip and then propagated to a detector, effectively creating a point
detector.











Figure 2.11: Diagram showing the imperfect rejection of reflectors that are out of the
focal plane.
Confocal microscopes are not perfect in rejecting light from out of focus points. Fig.
2.11 shows a closer look at the interaction between the light focussed on the object and
the signal that reaches the point detector. It can be seen that an improvement is made
over the scanning microscope with regards to rejection of scattered light from adjacent
regions in the focal plane. Scattered light from A′ and C ′ are blocked by the pinhole
detector at A′′ and C ′′.
A problem remains, however, in that the cone of rays focussed on B′ is also seen to
illuminate points D′ and E′. Light returning from these points are not completely
blocked by the pinhole detector; there is a direct contribution of E′ to the image at
E′′, and scattered light from D′ may still be accepted by the pinhole detector at D′′.
These points will contribute to the image resulting in a loss of resolution, particularly
in depth. Reducing the size of the pinholes allows for higher rejection rates for points
outside the focus, though this will also reduce the amount of light that reaches the
detector. Sufficiently bright light sources such as super luminescent diodes (SLDs) and
lasers should be used to compensate for this loss.








Figure 2.12: Simplified diagram demonstrating the use of a galvoscanner to sweep a
collimated beam transversally across an objective lens. This has the effect of focussing
the beam at different transversal positions on the object by altering the reflected angle
of the beam.
2.4.3 Transversal scanning
For the purpose of transversal scanning, motorised stages or mirrors may be used to
modify the beam position in free space. Fig. 2.12 shows a simplified configuration
of interface optics where collimated light emitted from a point source (using a lens to
collimate the divergent emission from the fibre) is reflected by a galvoscanner, which
scans the beam across the surface of the objective lens. The beam is focussed to a point
on the object and may be scanned across the surface by modulating the voltage to the
scanner.
2.5 Scanning laser ophthalmology (SLO)
The adaptation and use of a confocal microscope for eye imaging was reported in 1987 by
Webb and Hughes [43]. This configuration rasters a probing beam across the retina and
uses an avalanche photodiode (APD) detector to generate an image from the collected
backscattered light.
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2.5.1 Description
Confocal microscopes use an objective lens to focus the beam upon the imaging sample.
Though a confocal microscope can produce high resolution images, some modifications
are required before it becomes suitable for imaging an eye. Using an eye as a sample
introduces an additional optical element - the lens of the eye itself. In the case of retinal
imaging, it is required for the system to produce a collimated imaging beam, which may
then be focussed by the eye lens to a small spot upon the retina.
The confocal microscope must be modified such that the optical path is not terminated
with an objective lens, and that the beam is collimated when it meets the eye. In addi-
tion, careful consideration must be made with regards to beam diameter at this point.
The pupil of the eye dynamically reacts to ambient light levels, contracting in bright
environments and dilating in dark environments to, in effect, modify the sensitivity of
the eye. Since an SLO system must exploit the eye lens, it is restricted by the size of
the pupil. As an example, the pupil of the human eye may have a diameter of 4 to 9
mm in low light, and between 3 to 5 mm in brighter environments.
This presents a problem when imaging the retina; should the system be calibrated for
the maximum pupil size, the minimum or somewhere in between? To maximise the
potential for an SLO system, one might wish to consider the best case scenario; namely,
the largest pupil size that may be achievable. Increasing the available pupil size will
have a positive effect on the imaging resolution as the NA is increased, given a perfect
lens. Conceivably a drug such as Tropicamine may be administered to the eye to dilate
the pupil, allowing for transmission of a larger diameter beam and producing higher
resolution images. When the lens is imperfect, increasing the pupil diameter may in fact
degrade the image, which is where wavefront correction methods such as those discussed
in chapter 4 are necessary.
2.5.2 Transversal scanning
A major difference between a confocal microscope and an SLO system is the effect on the
scanning regime. Fig. 2.13 demonstrates a variation of the configuration shown in Fig.
2.12, wherein the system has been modified from microscopy of tissue to retinal imaging.
Eye imaging involves an extra lens (the lens of the eye itself) positioned immediately
prior to the sample, so the system must be adjusted to ensure the spot is focussed upon
the retina. This is done by constructing a telescope comprised of two lenses separated
by f1 + f2, where these values denote the focal length of the first and second lenses.











Figure 2.13: Diagram demonstrating the adaptation of a microscope system to cater
for transversal scanning of the retina. The lens of the eye is used to change the angle
of incidence of light focussed on the retina.
When imaging tissue, Fig. 2.12 shows that the object is placed at f from the lens.
Placing the eye at this position will create an image of the surface of the cornea, as the
beam is scanned across its surface. To image the retina, the beam is required to enter
the pupil at all transversal positions of the galvoscanner. In Fig. 2.13 it can be seen
that a second identical lens is placed at 2f from the first, and then the eye is positioned
at f from this objective. The beam is collimated as it transmits through the eye lens,
and the spot on the cornea is stationary as the galvoscanner is moved. This off-axis
configuration is what allows for transversal imaging of the retina.
2.5.3 Limitations
SLO is still subject to several limitations that reduce the quality of images. The system
resolution and sensitivity is at the mercy of the eye being imaged, which proves to be a
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problematic target. Reflections from the cornea may distort the image, and aberrations
caused by imperfections in the lens will lower resolution and sensitivity. An old, diseased
or damaged eye may be so aberrant and lowly transmissive that the image provides little
diagnostic information.
With a possible requirement of drug administration to dilate the pupil, SLO moves
from a non-invasive to a minimally-invasive medical imaging technique. This introduces
more ethics procedures for clinicians, and also imposes limitations on the frequency
of imaging sessions as the eye recovers. Additionally, human patients may find the
procedure uncomfortable or refuse it outright.
SLO offers high resolution and is able to determine individual photoreceptors within
a narrow field of view. The small imaging angles prove problematic when the target
is a conscious, living organism. The eye is never static; microsaccades keep the eye
moving very fast even when the patient is fixated upon a point. In addition, respiration
and vascular activity will cause tissues in the eye to move or change properties. To
compound this problem, the patient’s head or body may move over time even with the
use of a headrest. The combination of these factors will produce motion artefacts in
the images or lower resolution. There are several ways to compensate for this motion
reported in literature, though they involve additional elements that raise the complexity
of the system design [44][45].
There is also the concern of low axial resolution. SLO provides high transversal resolution
images, making it ideally suited for en-face imaging of the retina, however attempting to
image deeper into tissue is problematic. Using longer wavelength light sources will allow
for deeper penetration into tissue, however there is still the issue of light backscattered
from all axial positions relative to the beam contributing to the image. It is not possible
to acquire an en-face slice at a particular depth without contribution from reflectors at
different depths. A technique called optical coherence tomography (OCT) is described
in chapter 3 which reduces the voxel size, allowing for better discrimination in depth.
2.6 Resolution and the effect of pinhole size
The resolution of a microscope can be determined by considering the focussed point on
the object as a diffraction-limited spot. The amplitude of the light on the object as











where ρ is the radial distance from the optical axis, η is the index of refraction for
the imaging medium, J1 is a first-order Bessel function of the first kind and α is the
half angle of incidence of light on the objective lens. The term η sinα is the numerical
aperture of the objective lens, its value given by the expression













where D is the diameter of the objective lens.
For microscopy we operate in terms of intensities and not with electric fields since the
waves for two neighbouring fields do not interact, however their intensities are cumula-
tive. The intensity PSF for a standard microscope operating with incoherent illumina-
tion is given by the square of the modulus of the electric field PSF:






This function describes the Airy disc around the central lobe at v0. As sinα increases,
the transversal size of the spot becomes smaller, increasing resolution. Given v0 = 1.22π,








The intensity of a given point in the image is given by the convolution
I(v) = |h|2 ∗ |r|2 (2.7)
where |h2| denotes the intensity of the PSF and |r2| denotes the intensity of the point
in the image. It can be seen that the intensity PSF of a standard microscope is linear.
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In the case of a confocal microscope in reflection, the objective lens is used twice. Since
the waves in a confocal microscope are spatially coherent and the intensities are not
cumulative, the intensity PSF is given by the convolution
I(v) = |h2 ∗ r|2 (2.8)
assuming that the point on the detector is infinitesimally small. For a confocal micro-







From this expression it can be seen that for a confocal microscope, the intensity PSF
is equal to the square of the standard microscope PSF. This introduces a non-linearity
that improves the transversal resolution over the standard microscope. The size of the
Airy disc has not changed but it has the effect of reducing the side lobes that can cause
speckle [46]. Speckle noise is caused by the contribution of the side lobes to the image
as seen by the point detector. In a standard microscope, the first side lobe is reduced by
18 dB from the peak of the central lobe. For a confocal microscope this value increases
to 36 dB, causing a sharpening of the FWHM of the PSF.
A confocal microscope also allows for discrimination in depth, which is not possible
with a standard microscope [47][48]. To assess depth resolution, the object may be
exchanged with a plane mirror. The intensity of detected light from the mirror given an
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Though the improvement in axial resolution over a standard microscope is modest,
there is a significant axial resolution advantage when performing depth sectioning of
thick samples with a confocal microscope [49].
These expressions work under the assumption of infinitesimally small pinholes. In prac-
tice, the pinholes have a finite size with resolution (transversal and axial) becoming
poorer as the pinhole size increases, though more signal is collected [50]. The config-
uration of a confocal microscope is a compromise between transversal resolution, axial
resolution and the efficiency of light coupled back to the detector, with a dependency





where rp denotes the radius of the pinhole and η sinαp is the NA of the lens in front of
the pinhole. As the pinhole size increases from zero, the axial resolution is practically
constant up to vp = 2 and increases continuously from vp = 4. Transversal resolution
immediately worsens as vp increases from 0.5 and then stays constant for vp > 4. It can





Optical coherence tomography (OCT) is an evolution of confocal microscopy that has
found a niche as an optical imaging modality for medicine and biomedical optics [51][52].
Confocal microscopes facilitate the imaging of objects at high transversal resolution
by eliminating rays that are out of focus (see section 2.4). OCT systems are able to
acquire high resolution cross-sections of biological tissues by measuring light that is
backscattered, with fine discrimination in depth as determined by the coherence gate
[53][54]. An OCT system is capable of distinguishing layers in depth and resolving
micro-structures within the biological sample. The key benefit of OCT is that imaging
is able to be performed in-vivo and in real time [55][56]. OCT is able to perform non-
or minimally-invasive optical biopsy of living tissue, presenting tissue pathology to a
clinician without the requirement of its removal from the host.
Transversal and depth resolution of confocal imaging systems are determined by the
numerical aperture (NA) of the objective used to focus the light upon a sample. This is
problematic when imaging some tissues where lenses must be pressed close the sample
with an interface of oil. This procedure is unsuitable for in-vivo eye imaging, where
the imaging objective is the lens of the eye itself and the NA cannot be increased.
OCT is able to achieve such high depth resolution by decoupling it from the NA of the
objective. The depth resolution of an OCT system is determined mainly by the optical
source used, and not by the objective. It is for this reason that OCT is able to achieve
a depth resolution several orders of magnitude higher than confocal microscopy when
24
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imaging the eye. OCT systems have been reported to achieve depth resolution of 1 µm,
or 2 µm in the eye [57].
Light is transmitted into the sample and reference arms, and the intensity of the inter-
ference signal of backscattered light from both arms is captured. A cross-sectional image
is acquired by taking these measurements while using a scanning mirror to sweep the
imaging beam across the sample, similarly to Fig. 2.12. In this way, multiple axial scans
(A-scans) are acquired transversally, forming a 2D data set. This 2D data set represents
the information gained from backscattered light in a cross-sectional plane through the








Figure 3.1: Diagram showing scanning regimes for OCT.
With the employment of an additional scanning mirror, the beam may be rastered in two
dimensions across the sample whilst acquiring OCT A-scans. This allows for acquisition
of 3D data sets, representing a 3D image of the scanned sample volume. This 3D data
is then manipulated to provide images from different planes, most notably presenting
en-face (top-down, or C-scan) images. Fig. 3.1 visualises the differences between an
axial reflectivity profile (A-scan), a cross-section (B-scan) and an en-face transversal
scan (C-scan).
There are many imaging techniques that use a range of technologies such as microscopy,
ultrasound, magnetic resonance imaging (MRI) and more. The common element among
these modalities is that they are all non-invasive, making them ideal for biomedical
imaging. A comparison of these imaging techniques emphasizes the importance of OCT,
as seen in Fig. 3.2. Confocal microscopy is able to achieve high transversal resolution,
though the penetration depth is low (< 1 mm) [58]. Microscopy is typically performed
en-face to take advantage of the high transversal resolution. The imaging depth of
microscopes are limited due to the attenuation of light within the object, which has been
modelled extensively [59][60][61][62][63]. Scattering and absorption of light within the
object significantly degrade its maximum imaging depth to a few hundred micrometres,
and scattering also reduces depth resolution.
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Figure 3.2: Diagram showing the penetration depth and resolution of OCT in com-
parison with confocal microscopy and ultrasound.
Ultrasonic imaging (sonography) is typically capable of achieving a resolution of 0.1
to 1 mm, depending on the frequency used in the range 3 to 40 MHz [64][65]. The
principal benefit of ultrasound is the penetration depth, enabling imaging deep in the
body [66][67]. Some ultrasound imaging systems have been configured to emit higher
frequencies (over 100 MHz) for increased resolution of approximately 20 µm at the cost
of penetration depth, restricting them to less than a centimetre in tissue due to the
increased attenuation of highest frequencies by biological matter [68].
There exists a gap between microscopy and ultrasound that is neatly filled by the ca-
pabilities of OCT as an imaging modality. OCT can achieve high transversal and axial
resolution, and offers an increased maximum imaging depth of several millimetres when
compared with standard microscopy. When compared with ultrasound, modern OCT
systems offer an axial resolution improvement of several orders of magnitude.
Being an optical imaging technique, OCT suffers from a low penetration depth due to
high scattering of light by most biological tissues. Confocal microscopy can typically
penetrate 350 µm in the skin, whereas OCT may reach 1.5 µm in skin. Internal tissues
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can still be imaging by using specially designed instruments that convey the light through
a suitable delivery tool such as an endoscope or catheter [69][70][71]. This enables
imaging of certain regions of the body such as the larynx in-vivo, using a compact
hand-held tool that is convenient for clinical use [72][73][74].
3.2 White Light Interferometry





Figure 3.3: Diagram showing a Michelson interferometer.
Several parallels can be drawn between ultrasound and OCT imaging. Both technologies
emit waves of radiation and measure the backscattered signal from an object. As the
sound or light travels through an object, it is backscattered differently from internal
layers with varying acoustic or optical properties. This procedure allows for imaging of
interfaces within the object.
The key difference is the speed of the emitted radiation used for imaging. Sound waves
propagate through soft tissue at a speed of ∽1.5 x 103 m/s in comparison with much
larger c = 3 x 108 m/s.
White light interferometry (also referred to as low coherence interferometry) is the op-
tical measurement technique upon which OCT is founded.
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Fig. 3.3 shows a diagram of a Michelson interferometer in bulk (air). Light emitted
from a point source is collimated by a lens and then divided into two arms by an
optical beamsplitter. One path, called the reference arm, is focussed by a lens and
terminated by a mirror that is oriented orthogonal to the incident beam, sending light
directly back to the beamsplitter. The remaining light is directed into the object arm
towards an objective lens that focusses the light on an imaging sample. Light that
is backscattered from the object and is collected by the objective lens will pass back
through the beamsplitter.
Light returned from both arms is recombined here and travels to a detector. When the
optical path difference (OPD) between the arms is less than the coherence length of the
source, an interference signal is obtained when the beams are recombined [75].
The electric field intensity E at a given point in space is given by the sum of separate
contributing fields E1, E2 (shown in Eq 3.1), in this case E1 and E2 represent light
returning from the reference and object arm, though the same is true of two independent
sources.
E = E1 + E2 (3.1)
Since measurement of the electric field is an impractical quantity to detect due to instru-
ment limitations (as there simply is not a device fast enough to measure this quantity),
the irradiance I is measured directly using a photodetector. Irradiance (often referred
to as intensity) is the average energy per unit area per unit time. Any photodetec-
tor has a light-admitting aperture of fixed area A with an integration time average of
T , causing the measurement of I to vary between instruments. This can be made a
practical comparable measurement by dividing the value by the area A and by time T ,
producing a quantity unaffected by variations of these two factors. Within a medium
that is homogeneous and isotropic, irradiance can be expressed as
I = ǫν〈E2〉τ (3.2)
where 〈E2〉τ is the time average of the magnitude of the electric field intensity squared
〈E ·E〉τ . For consideration of an identical medium for both fields, the constants can be
removed and irradiance can be simplified to
I = 〈E2〉τ (3.3)
Chapter 3. Optical coherence tomography (OCT) 29
Given that
E2 = E · E (3.4)
for the case of two contributing fields
E2 = (E1 + E2) · (E1 + E2) (3.5)
therefore
E2 = E21 + E
2
2 + 2E1 · E2 (3.6)
Taking the time average of this equation determines that irradiance becomes
I = I1 + I2 + I12 (3.7)
and can be expanded as follows
I = 〈E21〉τ + 〈E
2
2〉τ + 2〈E1 · E2〉τ (3.8)







and a third expression
I12 = 2〈E1 · E2〉τ (3.11)
called the interference term.
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The electric field output of the detector in the interferometer is the sum of the signal
from the object arm Eo(t) and the reference arm Er(t):
Io ∽ Er + Eo (3.12)
Consider now only the case of monochromatic, linearly polarised light. The electric field
component of light returned from the object and reference arms can be expressed as:
Eo(t) = Eo0cos(knzo − ωt) (3.13)
Er(t) = Er0cos(knzr − ωt) (3.14)
Where Eq. 3.13 and 3.14 represent the object and reference arms respectively. In these
equations, k is the wavenumber, z is the optical path distance, n is the refractive index
of the object media, ω is the angular frequency of the light and t is time. Here, the
term knz is the phase φ accumulated by the wave though its propagation through the
interferometer.
φ = knz (3.15)
Eq. 3.13 and 3.14 can be substituted into Eq. 3.8 using 3.15:
Id ∽ 〈Er〉
2 + 〈Eo〉
2 + 2ErEocos(∆φ) (3.16)
where
∆φ = φo − φr (3.17)
∆φ can be expressed in terms of summed object and reference paths lengths (lo and lr
respectively) rather than the total round trip z:
∆φ = kn∆z =
2π
λ











Figure 3.4: Diagram demonstrating the process that produces a spatially coherent
and chromatically coherent light source.
3.2.1 Resolution
Fig. 3.4 shows a light source that is made coherent through use of a pinhole and a
chromatic filter. In cases where the light is monochromatic and highly coherent (narrow
linewidth) or has a long coherence length, interference fringes can be seen across large
values of ∆l, that is, for longer OPD.
For the determination of reflectors in depth, it is necessary to measure absolute dis-
tance and dimensions of structures within the object. To do this, low coherence (broad
bandwidth) light is used. The superposition of electromagnetic fields will have slight
differences in phase as a function of time. The coherence length lc is a key characteristic
of low coherence light, and it is inversely proportional to the bandwidth. Using a broad-
band, low coherence source with an interferometer will produce interference fringes only
when the OPD between the object and reference arms is within the coherence length lc.
The value of lc determines the depth resolution when imaging with an OCT system
- shorter coherence length is more discriminating and produces higher resolution axial
scans when scanning the reference mirror [76]. It is this property that differentiates OCT
from confocal microscopy systems, where the resolution is determined by the focussing
lens parameters for the latter [77][78]. Fig. 3.5 visualises the difference between long
and short coherence length light, illustrating the axial resolution advantage of short
coherence length for OCT. For a source with Gaussian distribution, the axial resolution
is given by Eq. 3.19:
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where ∆z is the FWHM of the autocorrelation function, ∆λ is the FWHM of the power
spectrum and λ is the central emission wavelength of the optical source. It is evident
that broad bandwidth sources are desirable for high axial resolution in OCT [79][80].
Lateral resolution of an OCT system is determined by the confocal microscope at the
core of the system. The properties of the focussing lens and the incident beam determine
the diameter of the focussed spot on the object. The minimum spot size that a beam










where d is the incident beam diameter on the focussing lens and f is its focal length. It
can be seen from Eq. 3.20 that higher lateral resolution may be obtained by maximising
the incident beam diameter d and shortening the focal length of the objective lens f .
These are factors that may be configured for microscopy, however these parameters are
fixed when imaging the eye where d is limited by the maximum pupil dilation and f is
the length of the patient’s eye.
Additionally, lateral resolution has a relationship with the depth of focus, which is twice
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Therefore, a higher NA narrows the waist of the confocal profile, increasing the lateral
resolution but reducing the depth of focus as shown in Fig. 3.6. For confocal microscopy
it is important to increase NA as high as possible to both increase lateral resolution and
to limit the contributions of out-of-focus regions in depth to the image. With OCT, a
lower NA can be used since the coherence gate allows rejection of these out-of-focus rays.
The additional benefit of having a lower NA for OCT is the increased depth of field,
allowing for a greater axial scan range wherein reflectors in depth are in focus [81]. In
this case, the low coherence interferometry provides the axial resolution and the lateral




Low NA High NA
Figure 3.6: Diagram showing the difference between low and high NA and the effect
on the confocal parameter b. OCT imaging is usually performed with low NA to increase
depth of focus, though transversal resolution is compromised.
An imaging regime exists called optical coherence microscopy (OCM) where high NA
is used with low coherence interferometry to create a high lateral and axial resolution
images [82][83][84]. This operates essentially as a high resolution confocal microscope
with high axial discrimination, reducing the contribution of backscattered light from
different lateral positions and depths.
The compromise between depth of field and lateral resolution for OCT can somewhat
be alleviated by dynamic focus techniques. Using an objective lens with a high NA,
images may be acquired where the lens is shifted in synchronism with the coherence
gate. This shifts the waist of the confocal profile together with the coherence gate,
essentially creating a depth scanning OCM [85]. This is covered in section 3.3.
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3.2.2 Sensitivity
Since OCT measures electric field interaction using optical homodyne detection rather
than intensity of reflected light it is capable of high sensitivity [86]. As seen with Eq.
3.16, the oscillating interference term is the result of signal reflected from the object
arm of the interferometer multiplied by the electric field contribution from the reference
arm. Even if the signal from the object arm is weak, given high amplitude reference arm
signal, the magnitude of the oscillating term produced by the detector is increased. This
is particularly important when imaging an object with low reflectance or for objects that
limit maximum permissible irradiance such as living tissue samples.








where n is the quantum efficiency of the detector, hv is the photon energy, P is the
signal power and BNE is the noise equivalent bandwidth of the demodulating electronic
filter. From Eq. 3.22 it can be deduced that the SNR scales as detected power divided
by the noise equivalent bandwidth of the detection. The effect is that higher image
resolution and acquisition speed results in a loss of SNR, so more optical power is
needed to rebalance a given SNR. OCT systems typically have sensitivities measured in
the range of 90 to 100 dB. In summary, the sensitivity limit of OCT is limited by the
maximum achievable optical power incident on the object. In the case of eye imaging,
this is dictated by the ANSI standard.
In addition, detection sensitivity may be hindered by highly scattering object media
such as biological tissues. This can be compensated by selecting an optical source with
a longer wavelength to reduce scattering and increase penetration depth.
The most commonly used optical sources for TD-OCT and SD-OCT are superlumines-
cent diodes (SLDs) due to their relatively low cost and small physical profile. Modern
SLDs use multiplexed diodes to achieve bandwidths in excess of 150 nm, translating to
high axial resolution in the range of 3 to 5 µm.














Figure 3.7: Diagram showing TD-OCT concept.
3.3 Time-Domain Optical Coherence Tomography (TD-
OCT)
Early OCT systems operated in the time domain (TD-OCT) using a broadband light
source, interferometer, photodetector and a translation stage. Fig. 3.7 shows a simplified
diagram of a TD-OCT system, where light emitted from a broadband source is split into
two arms, the reference and object arm, which are later recombined using a fibre coupler
and sent to a detector.
The reference arm is terminated by a mirror mounted upon a one dimensional translation
stage. Actuating this stage causes the length of the reference arm to change, which shifts
the coherence gate in the object arm axially. The resultant effect is the probing region
shifts to a different depth in the object.
Fig. 3.8 shows a more detailed schematic of a simple TD-OCT system. Light from a
point source is first collimated by a lens and then divided by an optical beamsplitter.
Light transmitted to both arms is then focussed by an additional lens in each arm. As
the reference stage is shifted, the coherence gate is shifted by an equal distance in the
object arm. Light backscatterd from both arms is recombined at the beamsplitter and
transmitted to a detector.
Chapter 3. Optical coherence tomography (OCT) 36















Figure 3.8: Diagram showing TD-OCT system.
An OCT image is formed by rapidly actuating the reference stage to acquire a succession
of axial measurements of backreflected light using a photodetector. There are several
scanning regimes that modify the way the TD-OCT system acquires data sets. Most
commonly with TD-OCT is the priority of a depth (A-scan) measurement. In this
manner, a full actuation of the translation stage between its limits interrogates the axial
z profile of the object in a single transverse position x before the beam is moved to the
next transversal position. Therefore, a cross-sectional image (B-scan) may be acquired
by performing a series of A-scans whilst transversally scanning the beam across the
object in x. Alternatively, the TD-OCT can operate with transverse priority whereby
the reference mirror remains static and the beam is moved transversally across the object
in x (T-scan). By rastering the beam in two dimensions using XY galvoscanners, this
allows for a complete two dimensional en-face image (C-scan) to be acquired at a single
depth position in the object. This mode produces an image in the same plane as that
produced by conventional confocal microscopy.
Chapter 3. Optical coherence tomography (OCT) 37
3.3.0.1 Advantages
Though there is a speed disadvantage when using TD-OCT for cross-sectional imaging,
there is benefit when acquiring C-scans (en-face) compared to newer methods. Using
two galvoscanners, the beam can be rastered across the surface of an object much like an
SLO system. For the duration of this raster, the reference mirror’s axial position remains









Figure 3.9: Diagram showing dynamic focus in a TD-OCT system.
Fig. 3.9 shows a TD-OCT configuration improved with dynamic focus. In this layout,
the objective lens is mounted upon a translation stage with a portion of the reference
arm. An axial scan is performed in the same manner as a conventional TD-OCT system
by translating this stage to shift the coherence gate. Since the objective lens is mounted
upon the same stage as the reference mirror, the confocal gate is shifted in synchronism
with the coherence gate. The effect is that an axial scan is produced wherein all points
in depth are in focus when they are acquired. This is an improvement over conventional
TD-OCT systems with a static focal point. Dynamic focus is not possible in spectral-
domain OCT in this way, since all points are acquired simultaneously in SD-OCT.
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3.3.0.2 Limitations
Shifting the coherence gate by actuating a mechanical translation stage proves prob-
lematic when acquiring cross-sections with TD-OCT. To acquire a complete A-scan, the
translation stage must move smoothly from one limit to another, which can be slow.
After a single scan is acquired, the translation stage may be moved to acquire another
en-face image at a different depth. This can be repeated until a full 3D image volume
is acquired. With a 500 Hz line scan and 2 Hz frame scan, for a volume of 500 en-face
images the acquisition time would be 15.5 s.
3.4 Spectral-Domain Optical Coherence Tomography (SD-
OCT)
The chief limitation of TD-OCT is the slow axial scan rate due to signal acquisition
occurring at a single point in depth at any given time. Spectral domain OCT (SD-
OCT) is a method devised to address the problem of slow A-scans. From Eq. 3.18 it
can be seen that varying the OPD (∆l) allows for selection of reflectors in depth, however
there is also a relationship with the wavenumber. Fourier analysis of the wavenumber-
dependent detector current allows for a reconstruction of a reflectivity profile of the
object in depth.
SD-OCT systems are constructed similarly to TD-OCT; an interferometer is used to
split light from a broadband optical source into the object and reference arms, though
in this case the reference mirror is fixed. The interference of the beams from the ob-
ject and reference arms will cause a spectral modulation as a function of the optical
frequency. The periodicity of the modulation is related to OPD - larger OPD causes an
increase in the encoded frequency. Due to the modulation, this is commonly referred
to as a channelled spectrum (a series of peaks and troughs). A spectrometer is used to
interrogate the spectrum produced at the interferometer output.
A spectrometer usually consists of a prism or diffraction grating to create a chromatic fan
of light, which is then projected onto a linear photo-detector array. This photo-detector
array is usually a charged couple device (CCD), such as a 1 dimensional camera, or a
complementary metal oxide semiconductor (CMOS) camera. Each pixel on the camera
interrogates a fraction of the overall optical bandwidth returned to the spectrometer.
This output is rescaled from wavelength to frequency and then Fourier transforming the
interference signal.
Chapter 3. Optical coherence tomography (OCT) 39
3.4.1 Advantages of SD-OCT over TD-OCT
In TD-OCT, the coherence gate is shifted along the OPD axis by translating the reference
mirror to select reflectors in depth. In SD-OCT, the information from all reflectors in
depth are acquired simultaneously. Consequently, SD-OCT is much faster (∼50 to 100
times) than TD-OCT when acquiring A-scans [87][88]. This drastically reduces the total
acquisition time for a 3D volume when compared with TD-OCT. The high speed of this
modality allows for more A-scans to be acquired in a short time, improving the pixel
count and consequently the visualisation of the image.
SD-OCT features an improvement in sensitivity over TD-OCT [89]. This allows for a
slightly increased range in imaging depth, when compared with TD-OCT. The gain in
sensitivity over time domain techniques allows for detection of deeper, weakly reflecting
structures in the object. This combination of higher axial scan rate and deeper image
penetration due to increased sensitivity makes SD-OCT the preferred method for cross-
sectional imaging.
3.4.2 Limitations
There are some limitations to SD-OCT to consider, described in the sections below.
3.4.2.1 En-face imaging
TD-OCT remains the preferred modality when acquiring en-face OCT images. For en-
face imaging, all points of interest are at the same depth so there is no need to move
the reference mirror during acquisition. This eliminates the problem of slow A-scan
acquisition for TD-OCT (as there is only 1 point per A-scan for an en-face image), and
is actually faster than spectral techniques for this regime [90]. With SD-OCT, a full
3D volume must be acquired before an en-face image can be generated, though it will
offer an en-face slice at all depths. There is a great amount of research conducted into
making en-face SD-OCT faster [91][92][93].
3.4.2.2 Hardware limitations
To measure the spectral frequencies of the detected wavetrain, the CCD array must have
double the sampling frequency δs to have sufficient spectral resolution. With spectral
sampling interval of δsk, the interferogram is split into M spectral channels linearly
spaced in k. The total wavenumber range ∆k is calculated using Eq. 3.23.
Chapter 3. Optical coherence tomography (OCT) 40
∆k =Mδsk (3.23)
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The depth range is given by the Nyquist criterion as shown in Eq. 3.26.







The finite length of the CCD pixel array causes a second limitation with regards to
sensitivity as spectral resolution δrk (where δr denotes the FWHM spectral resolution)is
restricted. There is an exponential sensitivity roll-off with depth (as higher fringe fre-
quencies caused by larger OPD become less visible due to the limitation of δs) and is












When a Fourier transform is performed, two peaks will appear for each reflector in
depth, centred around zero OPD. The modulation of the spectrum is the same for
positive and negative frequencies, which means the FT is unable to determine which
arm of the interferometer is longer and this creates some ambiguity in the image. This
effect is called mirror terms, and causes an inverted duplicate image to appear around
zero OPD. If the position of the reference stage is adjusted such that zero OPD is inside
the object, a mirror image will overlap the real image. Several techniques have been
reported to eliminate these mirror terms such as using configurations that can generate
Talbot bands [95][96].
3.5 Swept-Source Optical Coherence Tomography (SS-OCT)
Swept source (SS) OCT also operates in the spectral domain, however there are some
key differences. A SS is a narrow band source that is tunable at high speeds (in excess
of 100 kHz) [97][98]. In SD-OCT, a spectrometer analyses the modulation encoded into
the detected wavetrains returning from the object. Rather than interrogating the whole
spectrum, the SS-OCT system measures each wavelength separately by sweeping the
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narrow band emission across the total achievable bandwidth of the source, and then
measuring the response using a detector. A single sweep will generate a spectrum with
modulation caused by interference, similarly to SD-OCT, with the acquisition occurring
sequentially over time (10 microseconds for a 100 kHz SS) rather than simultaneously,
as with spectrometer-based OCT.
The processing of the image occurs similarly to SD-OCT. The data from the detector is
sent to a digitiser and is then linearised using the frequency output from the SS (k clock).
The result is Fourier transformed, producing a relationship of frequency modulation to
OPD, which gives information about reflectivity in depth. Galvoscanners are used to
raster the beam across the object to build a cross-section image. SS-OCT shares the
advantages and disadvantages of SD-OCT. Both techniques operate at high speeds, and
technologies are being researched to increase the sweep rate of SS and the line read-rate
of cameras for SD-OCT.
3.6 Summary of modalities
Tab. 3.1 shows a summary of the properties of the various OCT modalities discussed in
this chapter [99].
Selection of imaging domain and modality is largely contingent on the nature of the
desired image. For en-face imaging, TD-OCT still provides the fastest, simplest solu-
tion. Cross-sectional imaging is performed faster in the spectral domain, though the
implementation of spectrometer-based OCT or SS-OCT is largely currently dependent
on the cost and availability of resources as both methods produce similar results.
3.7 Noise
The quality of OCT systems are determined as a measurement of several factors, with
noise being a key indicator of performance. Sensitivity is often measured as a function
of the ratio of the true detected signal over the noise floor, called the signal to noise
ratio (SNR). Structures within an object (particularly at larger depths) may have low
reflectivity, so a high sensitivity is required to resolve these reflectors. Since it may be
difficult to increase the incident power of the signal, particularly in cases when imaging
tissues in-vivo, an effort should be made to identify the highest contributions of noise
to the system and compensate for them [100].
In a dispersion-less OCT system, the photocurrent at a detector is given by












































16 kHz 100 kHz 300 kHz 5 MHz
Time to create en-

















Time to acquire a
volume (500 x 500
x 500
15.5 s 2.5 s 0.83 s 50 ms
Table 3.1: Table summarising the differences between the OCT modalities.
Id = p[Po + Pr + Px + 2
√
PoPrcos(k0∆l)] (3.28)
where p is the detector response, Po is the detected optical power backscattered from
the object that is coherent with the reference signal, Pr is the detected reference arm
power, Px is the optical power from the object arm that is incoherent with the reference
signal, k0 is the centre wavenumber of the source and ∆l is the OPD. The photocurrent




Noise is expressed as photonic variance σ2i , the main contributors are shot noise σ
2
shot,
excess photon noise (EPN) σ2EPN and thermal noise σ
2
th.
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the mean-squared photocurrent for a single detector can be defined as
〈I2s 〉 = 2p
2PoPr (3.31)
and as
〈I2s 〉 = 8p
2PoPr (3.32)
for the case of a balanced detector, where the total photocurrent is the sum of the signal
photocurrent across both detectors. For an OCT system with Michelson interferometer,













where Ro, Rr and Rx represent the power reflectivity of the coherent backscattered light
from the object, the reference optical delay line and the incoherent backscattered light
from the object, respectively. P is the power output of the optical source.



















where Tc is the transmission through the circulator (for typical 0.7 dB insertion loss,
Tc ∼= 0.85) [100].






Figure 3.10: Diagram showing a non-balanced detection system, where α denotes the













Figure 3.11: Diagram showing a balanced detection system, where α1 and α2 denote
the splitting ratio of the two couplers.
The following sections discuss these types of noise in detail. Expressions may be pre-
sented for the cases of non-balanced detection and balanced detection systems, repre-
sented graphically in Fig. 3.10 and Fig. 3.11 respectively.
3.7.1 Shot noise
Eq. 3.39 shows the expression for calculating shot noise
σ2shot = 2eB〈Is〉 (3.39)
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where e is the electron charge, B is the bandwidth of the detector and 〈Is〉 is the time
averaged photocurrent. When reflectivity from the object is weak, it can be assumed
that all the optical noise originates from the reference arm contribution in an unbalanced
detection system. The shot noise for this scenario is given by Eq. 3.40:
σ2ushot = 2peBPPrα(1− α) (3.40)
where α is the splitting ratio of the coupler. For a balanced detector, the shot noise
from both detectors is cumulative, giving the shot noise as
σ2bshot = 2peBPPrα (3.41)
which is larger than the unbalanced configuration. Using Eq. 3.30, the SNR for an










where α1 and α2 are the splitting ratios of two couplers.
3.7.2 Excess photon noise








where B is the bandwidth of the detector, ∆v is the effective linewidth, with σ2
EPN
being
the time averaged photocurrent on the detector. If a Gaussian power spectral density is
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where ∆ν
FWHM
is the FWHM of the wavelength bandwidth of the source.
In effect, σ2
EPN








where Π is the degree of polarisation.
For a case of unbalanced detection where contribution from the object arm is significantly
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When balanced detection is used, the noise contribution of EPN is mostly eliminated.
The signal received from the object arm that is incoherent with the reference arm Px







where Ix = pPx and Ir = pPr. When the balancing is good, i.e. α2 is near 0.5, this term
replaces the EPN term.
3.7.3 SNR
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for a balanced detection configuration, where σre is the receiver noise of the detector.
This receiver noise is inherent in the function of the detector and is invariable with dif-
fering power levels. The total contribution of receiver noise is low, and only significantly








































































for the balanced configuration.
SNR presents complicated design decisions for optical imaging systems. An improvement
of SNR can be seen at the cost of imaging speed, though this is highly application
dependent. For camera-based SD-OCT, the camera must be sufficiently fast to avoid
wash out of the fringes. SNR may be sacrificed if speed is more important. A high
temporal resolution and stability is necessary for phase measurements, so a system may




Imperfections in the interface optics of an imaging system will result in a loss of resolution
[102]. Resolution is defined as the capacity to distinguish two distinct features in close
proximity. With sufficient resolution, a system is capable of detailing two adjacent
individual structures, however if the resolution is insufficient then these structures will
appear partially or completely merged. Imaging resolution is determined by the value
of the point spread function (PSF) as discussed in chapter 2. If the optical components
are imperfect or misaligned, or the imaging medium is inhomogeneous, the wavefront
becomes aberrated and the PSF is broader as a result [103][104]. This effect is evident
by attempting to observe stars at night. The stars will appear to change in intensity as
they are observed, creating the known ’twinkling’ effect. Atmospheric pressure changes
cause temperature variation, resulting in distortion of the light travelling from the star.
As the light propagates through the atmosphere it travels through multiple regions of
varying refractive index caused by these temperature differences [105][106][107].
Astronomers have long suffered from these effects distorting their observations of space
through Earth’s atmosphere. The Hubble Space Telescope was a solution born from the
idea of removing the atmosphere entirely from the observation process by placing the
telescope in space [108][109]. With no atmosphere or other aberration-inducing elements
distorting the wavefront, very clear images could be acquired of celestial entities. Of
course, this is not an accessible or economical solution to the problem of imaging objects
far away. A better solution is to measure the wavefront of the light and rectify the
aberrations to flatten the wavefront, thus restoring the PSF. It is through this line of
astronomical research that adaptive optics (AO) was conceived.
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This task could be broken into two separate paths of research: wavefront measurement
and wavefront correction. It was proposed in the 1950s that a reflector could be con-
structed and shaped to compensate for aberrations in the wavefront [110]. Light would
be directed to the surface of this mirror, and then its shape could be changed to alter
the wavefront of the reflected light such that it is flattened.
4.2 Wavefront measurement
Flat mirror Deformed mirror
Wavefront
Reßected wavefront Reßected wavefront with aberrations
Figure 4.1: Diagram demonstrating the effect of irregular optical interfaces on the
quality (flatness) of the wavefront.
Accurate wavefront measurement and analysis are crucial to an adaptive optics configu-
ration. A wavefront is defined as a continuous surface of connected points that share the
same phase [111]. A collimated plane wave with no aberrations will present a completely
flat wavefront when observed perpendicular to the propagation plane. In this case, the
rays are parallel to each other. Variations in phase between the points that comprise
the wavefront will reduce the flatness, thus adding aberrations. Wavefront measurement
of a beam of light can be represented by considering each point on the wavefront as
an individual point source. By measuring variation between the phase of these point
sources, the total wavefront aberration may be calculated. This is the principle behind
the Shack-Hartmann wavefront sensor [112].
The concept of the Shack-Hartmann wavefront sensor (WFS) was to decompose a beam
into an array of point sources, as described above, to measure the aberrations [113].
This is achieved by using an array of lenses, each being a fraction of the diameter of
the beam, to focus the light onto a detector [114]. Modern Shack-Hartmann sensors
consist of a CCD camera with a microlenslet array mounted on the aperture such that
the surface of the camera is in the focal plane of the lenses. Due to the commonality
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of these components, a Shack-Hartmann wavefront sensor is a relatively low cost device
that can be used for measuring wavefront aberrations. In operation, the lenslet array
fills the aperture of the camera so that the incident beam is spatially divided into many




Figure 4.2: Diagram representing a Shack-Hartmann wavefront sensor. An unaber-
rated beam of light presents a flat wavefront. The beam is decomposed by the lenslet





Figure 4.3: Diagram representing a Shack-Hartmann wavefront sensor. In this case,
the wavefront has aberrations and causes displacement of the spots on the CCD camera
The spot pattern image of the wavefront acquired by the camera may then be analysed
to determine the wavefront error [115][116]. If the beam is aberrated, the spots on
the camera will appear to be displaced laterally; the magnitude this displacement is
proportional to the slope of the wavefront. Repeated measurement of the displacement
of these spots from one another provides a dynamic representation of the slope map of
the wavefront. To provide a more accurate measurement, increasing the number of lenses
that comprise the lenslet array will lead to a more densely populated spot pattern [117].
Though this provides a higher sampling rate of the wavefront, it also reduces the optical
power for each spot as detected by the camera. This may be partially compensated by
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increasing the integration time of the camera to allow more light per spot, however this
will also increase the noise level. Conversely, should the camera receive too much light
per pixel and become saturated then each spot will appear larger, reducing the accuracy
of the slope measurement as the centroid of the spots become less clear.
From the spot pattern, the wavefront may be reconstructed using a mathematical model.
Zernike circle polynomials are the most commonly used method for representing the
wavefront state [118] due to the radial representation and close correlation of polynomi-
als with common optical aberrations. Zernike polynomials are used to mathematically
describe 3D wavefront deviation from a plane from its zero mean.
Each polynomial describes one specific form of deviation and the summation of a series
of these polynomials can produce more complex surface shapes. These polynomials are
can be used to describe the aberrations imposed upon a wavefront by imperfect optics.
Any wavefront deformation can be described by using a sufficient number of Zernike
polynomials.
Zernike polynomials are an orthogonal set defined in polar coordinates (ρ, θ), where ρ is
the radial coordinate and θ is the angular coordinate.
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Figure 4.4: Image showing Zernike polynomials up to the 6th order. Higher order
abberations are towards the base of the pyramid and low order aberrations are at the
tip of the pyramid. (http://bme240.eng.uci.edu/students/ 08s/ticenogl/ Wavefront-
Guided%20LASIK/Wavefront.html)
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Zernikes can be defined as even




Zmn (ρ, φ) = R
m
n (ρ)sin(mθ) (4.2)
where m and n are non-negative integers, ρ is the normalised radial distance, θ is the








Fig. 4.4 shows the first 6 orders of Zernike polynomials. It can be seen from this
diagram that the Zernike mathematical model is well suited to the description of optical
wavefronts, especially considering the close relation with aberrations induced by optical
components. Featured in the higher orders are tilt (Z−11 , Z
1





2 ) and spherical Z
0
4 , all of which are major contributors to wavefront error by
optical components used in an imaging system. Further, these may also be attributed
to errors induced by biological lenses such as in the eye.
The Shack-Hartmann WFS provides the means to decompose a beam into many con-
stituent parts, providing a means to analyse the wavefront slopes and represent them
using the Zernike modes [119]. Using this model, it is possible to calculate the adjust-
ments needed to reverse the aberrations and flatten the wavefront [120]. A wavefront
corrector, when placed in the conjugate plane of the WFS, may use this information to
impose a phase change on the wavefront as calculated by the Zernike model to flatten the
wavefront. To produce a flat wavefront, the corrector needs to apply an inverse function
of the calculated phase error. Experiments have been performed using a spatial light
modulator as a wavefront corrector [121][122][123][124][125]. The most common type
of wavefront corrector is a deformable mirror (DM), described in the following section
[126][127][128].






Figure 4.5: A diagrammatic representation of wavefront correction in transmission





Figure 4.6: A deformable mirror is used as a wavefront corrector, applying the in-
verse function of the combined detected aberrations. The result is a flat wavefront in
reflection.
4.3 Wavefront manipulation
A wavefront corrector can be described as a device that may be used to adjust the
phase of an aberrated wavefront such that it is brought to a state of correction, i.e. all
constituent parts of the detected beam are in phase, presenting a flat wavefront. There
are two major types of wavefront correctors, those which are transmissive and those
which are reflective.
Transmissive wavefront correctors operate as a light modulator wherein light propagates
through a medium wherein it is subjected to a phase change by the corrector. A common
example of a transmissive corrector is a modern spatial light modulator (SLM), which
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is a liquid crystal device with virtual subsections that may be manipulated to change
the shape of the lens [129][130][131]. By varying the voltage applied to each subregions
of the lens, the optical path through that particular region is changed. The SLM can
be dynamically adjusted to change its refractive index across individual subregions of
the aperture, in effect granting modulation of the phase for many parts of an incident
beam.
SLMs afford fine control over the phase changes between adjacent subregions, allowing
for precise adjustments to the wavefront. In this manner, the inverse of a detected
wavefront aberration may be applied to the SLM using the Zernike model. Light prop-
agating through the SLM will be subject to the phase changes induced by the varying
refractive indices of the smaller subregions of the lens, causing the wavefront to flatten
in transmission.
Since the refractive index is wavelength dependent, this makes SLMs unsuited to the use
of broadband optical sources such as those used with OCT. There is also the additional
concern that, since the corrector is transmissive, dispersion may be introduced as the
light propagates through the SLM [132].
Reflective wavefront correctors operate on a similar principle as SLMs. These devices
have a highly reflective metallic surface that is able to be modified to adjust the phase of
the reflected wavefront. These devices, commonly called deformable mirrors (DM), do
not suffer from the disadvantages of SLMs as the light propagates in reflection, meaning








Figure 4.7: Diagram presenting the structure of a deformable mirror with a segmented
surface.








Figure 4.8: Diagram presenting the structure of a deformable mirror with a continuous
surface.
DMs can either have a continuous or segmented reflective surface. A segmented DM,
such as that shown in Fig. 4.7, consists of an array of reflective plates that may be
moved individually [133][134]. Each plate is actuated independently of each other, so
it is possible to adjust not only their axial position, but also tip and tilt. This affords
a huge degree of freedom when manipulating the surface of the mirror, and allows for
the DM to assume complex shapes. The key advantage of a segmented mirror is that
large local aberrations may be compensated due to the large degree of freedom between
adjacent subregions (as in the SLM). The biggest disadvantage is that the interfaces
between the reflective plates may not be perfectly flush, causing an amount of scattering
around the boundaries of each individual plate.
Fig. 4.8 shows a DM with a continuous surface has a single sheet of reflective mate-
rial stretched across its aperture, which is conjoined to some control system to deform
its shape [135]. The control mechanism may either be piezoelectric or micro-electro-
mechanical system (MEMS). A MEMS DM operates by having the reflective membrane
positioned above an array of actuators. When a voltage is applied to an actuator, it
shifts its axial position and moves a local region of the membrane, causing a deformation
in the entire reflective surface of the DM, centred around that actuator. A MEMS DM
may be packed with a high number of this actuators, allowing for fine control over the
shape of the mirror. This is helpful when correcting for high order aberrations espe-
cially, where degree of freedom is important [136][137]. The actuators in a MEMS DM
have a limited displacement distance (stroke), though DMs with larger stroke have been
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developed recently [138]. A disadvantage of a MEMS DM is that the position of the
actuators around the periphery of the reflective aperture are limited.
Additionally, a third type of DM exists called a magnetic membrane mirror. This device
is similar to the MEMS DM in that a reflective membrane is deformed using a control
mechanism. Instead of mechanical actuators, there is an array of magnetic coils placed
behind the membrane that attract or repel a local region of the membrane as the voltage
to the coil is adjusted [139][140].
4.4 Open and closed loop correction
There are two main tasks for an adaptive optics system. First, the AO is responsible
for the detection and correction of static aberrations. These aberrations are inherent
within the optical setup itself, and may be introduced due to misaligned or imperfect
optics. Closed loop is the name given to the procedure whereby the AO components
operate in a constant feedback loop independent of user input. In this mode, there is a
continuous cycle of wavefront detection, aberration calculation and wavefront correction
[141]. This cyclical process is necessary since modulating the wavefront corrector will
change the parameters of the optical system, and the WFS may determine if further
manipulation of the wavefront phase is required. Given a non-moving scattering object
and a perfect objective lens, the information seen by the WFS can be assumed to be the
cumulative total wavefront error of the system itself. Once the system has been brought
to a state of correction, the DM should have minimal work in maintaining this state as
the parameters of the optics will not vary significantly. In this case, the closed loop will
be seen to make minimal changes to the wavefront unless there is a significant change,
such as adjustment of the object in relation to the objective lens.
For static objects, once correction is achieved, the AO may be switched over to open loop.
This mode maintains the state of the mirror as dictated by the closed loop, however user
input is now enabled. Continuous measurement of the wavefront still occurs in open loop,
though the AO will not actuate the DM. Open loop is useful for analysing deviations in
the corrected wavefront over time, or allowing the user to manually adjust the shape of
the DM to produce various aberrations. Since aberrations are detected and represented
by Zernike modes, it is possible for the user to induce a specific aberration using the AO
control system. Given a perfect correction - that is, a completely flat wavefront - a user
may add and observe any individual aberration using the open loop mode. This is useful
in many ways, one example being the adjustment of focus for a corrected wavefront. It
is easy to observe this effect by modifying the Zernike polynomial corresponding to focus
Z02 such that the DM shape is altered accordingly, and then moving the axial position of
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the object relative to the objective lens so it is in focus again. This allows for dynamic
adjustment of focus without any additional optical elements. A project based upon this
principle is described later in chapter 6.
For moving objects, such as the eye, it is necessary to maintain closed loop corrections
at a fast rate to compensate for rapidly fluctuating aberrations (in excess of 30 Hz). A
wavefront is described as a sum of Zernike terms. Representation of the performance of







where c is the Zernike coefficient describing the magnitude of each polynomial in the
series.
Chapter 5
AO-SLO/OCT for eye imaging
and high resolution microscopy
5.1 Introduction
The objective of the work conducted in this chapter is to construct a scanning laser
ophthalmoscope (SLO) with sufficient resolution to image photoreceptors in the human
eye in-vivo. Cone cells have a diameter ranging from approximately 0.5 to 4 µm at the
base, which determines the minimum resolution the system must achieve to image them.
The smallest cells are located at the centre of the eye near the fovea, and are much more
densely packed than at the peripheries. As described in previous chapters, confocal
microscope systems may be combined with adaptive optics to achieve the resolution
required to image these cells.
It would be preferable when designing such a system to minimise the overall component
cost, considering that AO/SLO systems are of interest to medical clinicians with limited
funds. A standard design includes the use of a Shack-Hartmann wavefront sensor used
in combination with a single MEMS deformable mirror. This is the approach taken with
this project, though research has shown the benefits of utilising an additional deformable
mirror in a woofer/tweeter configuration [142][143][144].
This chapter describes two system designs that were used through this project. The
original system was inherited from a previous PhD candidate, Alexander Meadway.
This AO-SLO/OCT system was used to achieve high-resolution simultaneous confocal
and OCT en-face images. There were limitations in the performance of this system,
particularly when used to image the eye in-vivo. The overall design and limitations of
this system will be explored in a later section of this introduction (section 5.1.1).
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The new system was conceived two years into this project, based upon more recent
designs reported in the literature [145]. Given the limitations of the legacy system, it
was advantageous to refresh ageing components whilst revamping the overall design to
be simpler, compacted and more stable. Given the progress of research in the field of
AO, the new design benefits from modern approaches. Section 5.2 fully details the new
design and the results are presented in section 5.3.
5.1.1 Legacy AO-SLO/OCT
Prior to this project, similar work was conducted on an AO-SLO/OCT system by stu-
dents Simon Tuohy [146] and Alexander Meadway [147]. The system operated at 830 nm
using a Superlum SLD, performing closed loop aberration correction using an Imagine
Eyes DM and WFS pair. Software was provided by OTI to produce live simultaneous












































Figure 5.1: Diagram showing the legacy AO-SLO/OCT system.
The system presented in Fig. 5.1 uses an SLD (Superlum) broadband optical source
emitting light with a central wavelength of 830 nm with a bandwidth of 17 nm. Light
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is launched from fibre and collimated to a diameter of 3 mm by a x10 microscope
objective. A 1” plate beamsplitter (BS1) is used to split the light into the object
and reference paths. 70% of the light is transmitted through the beamsplitter and
proceeds into the reference arm, consisting of a series of 1” silver plane mirrors and a
linear motorised translation stage. The reference arm is terminated with another x10














Figure 5.2: Diagram showing the resizing of imaging beam in an AO-SLO system.
The remaining 30% of emitted light from the SLD is reflected onto the surface of the first
2” gold-plated curved mirror (CM1) with a focal length of 20 cm. The light reflected
from CM1 comes to a focus and expands before reaching the second curved mirror (CM2)
with a focal length of 101.6 cm. CM1 and CM2 form the first telescope in the setup,
used to magnify the diameter of the 3 mm launched beam by a factor of five such that
it fills the 15 mm aperture of the DM. The beam is collimated in reflection from CM2
and travels to CM3 after a reflection from the DM.
CM3 and CM4 have focal lengths of 76 cm and 10 cm respectively, reducing the size of
the beam to approximately 2 mm so it may fit on the 3 mm XY galvonometric scanners.
Finally, the beam enters the third telescope formed by CM5 (f = 20 cm) and CM6 (f =
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60 cm), collimating and magnifying the beam to 6 mm diameter as it enters the eye. A
hot mirror (HM) is optionally placed between CM6 and the eye so a fixation target may
be used to aid in the stabilisation of the eye when imaging. Fig. 5.2 shows the optical
setup as described in Fig. 5.1, with the additional information of beam size evolution
as the light propagates through the system.
Backscattered light propagates back through the system to BS1 where 70% is transmit-
ted to BS2 and 30% is reflected back to the SLD. It is known that SLDs are prone to
noise under the feedback signal, therefore for highly reflective targets it is expected that
extra noise is generated because of the SLD. When the system is employed to image the
retina there is no such problem. The 70% of the light that is returned from the object
is split again by BS2, a 10:90 beamsplitter. 90% of the remaining light is reflected and
focussed into fibre by a x10 objective. This light is joined with the light transmitted
through the reference arm using a 50:50 coupler and used to create an OCT image using
a Nirvana balanced detector (Newport). A glass slide (GS) is placed between BS1 and
CM1 to reflect a small portion of light returned from the object into a multi-mode fibre
connected to an avalanche photodetector, which creates the SLO image.
The remaining 10% (of the 70% light returned from the object) is transmitted through
BS2 and into the wavefront sensor. The light is decomposed by a 32 x 32 microlenslet
array into a spot pattern focussed on the surface of the CCD camera. This information
is used by the AO software CASAO (Imagine Eyes) to perform closed loop correction
on the detected wavefront.
Simultaneous SLO and OCT images are acquired using software supplied by OTI using
National Instruments hardware interfaces.
5.1.1.2 Achievements
The designer claimed the system was capable of achieving roughly 4 µm resolution in air
with OCT, and less with SLO due to the multi-mode fibre. The software provided by
OTI displayed live en-face and B-scan OCT images in addition to the SLO guide channel
(only available in the en-face regime), with lateral pixel to pixel correspondence. The
software generated analogue waveforms to drive the scanners and used this as an internal
trigger to synchronise lines and frames. For cross-sectional imaging, a TTL signal was
sent to the linear motorised translation stage to trigger the start of the OCT B-scan
sweeps. Signal received from the detectors was processed by this software, performing
bandpass filtering and BCG (brightness, contrast, gamma) modifications.
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5.1.1.3 Limitations
There were limitations with the design of the legacy system that prevented the AO from
reaching its maximum potential. These issues are discussed separately below.
Efficiency
It was identified that there was a large power reduction as light propagated through the
system. With emission power in excess of 2.5 mW in the object arm alone, only 410
µW reached the eye. This value is only 55% of the maximum permissible power deemed
to be safe for the eye (750 µw for a scanning beam at 830 nm). With losses in both
directions, the overall efficiency of the system was lower than the potential maximum.
A multi-mode fibre was used to collect light for SLO imaging, to maximise light sent to
the detector. This has a negative impact on the resolution.
During closed loop correction, the DM is affecting the flatness of the wavefront but this
also can cause a repositioning effect. As the corrector brings the wavefront to a corrected
state, it may in fact move the beam slightly such that it no longer has good coupling into
fibre. In this case, in spite of the increased resolution gained through AO correction,
there is a drop in signal to the photodetector. The receiving fibre must be adjusted
manually such that optimal injection is achieved, however this position is completely
dependent upon the state of the DM. Considering the solution for a corrected wavefront
varies between objects (or over time with the same object), the receiving fibre must
constantly be adjusted to maximise light sent to the detector.
Stability
Given the long 12 m path length, the optical components tended to misalign frequently
and the system required constant maintenance. In addition, it was shown that operating
the DM in closed loop caused imaging artefacts through harmonic vibration. These
deviations were caused by the actuators within the DM requiring a settling time after
receiving a command before remaining stable [148].
Resolution
In air the resolution of the system was measured to be larger than 4 µm, as determined
by imaging a USAF resolution target placed within the OCT arm. SLO resolution was
reported as worse than this, due to the use of a multi-mode fibre to couple light to the
APD.
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5.1.2 Objectives
Given the limitations of the previous design and the advances made in AO/SLO systems
reported in literature, it is important to outline some objectives before creating a new
system. The goal of this project is to produce high resolution images of the retina in-vivo
in real time. The main criteria for achieving this goal are listed below.
High lateral resolution
The ability to resolve photoreceptors in the living human eye is a critical benchmark for
the performance of this AO-SLO system. To achieve this resolution it is vital to reduce
optical aberrations as much as possible. As described in chapter 2, imaging resolution
is determined by the size of the airy disc. There are many factors which influence this
spot size, which all must be considered when attempting to achieve resolution near the
diffraction limit. AO is central to the task of achieving this resolution, therefore extensive
analysis of its performance must be conducted before eye imaging can be performed.
Fast imaging speed
To produce live images from a rapid-moving target such as the eye in-vivo it is vital
that the signal received from the photodetector is processed in real-time. National In-
struments (NI) provide hardware and software suites specifically designed for high-speed
data processing. LabVIEW is a software package that communicates with proprietary
NI I/O boards and performs with speeds sufficient for real-time imaging. Custom soft-
ware is created within the LabVIEW environment to perform all the tasks necessary for
imaging. These are described in the methodology section.
Efficiency
To achieve the maximum potential for the SLO system, a power of 750 µW must be
measured immediately prior to the pupil of the eye. Further, it is important to minimise
losses induced as the light propagates through the system. Even with 750 µW measured
at the eye, if the losses are substantial through the system then only a fraction of the
useful backscattered light from the eye will reach the detector and WFS. An effort should
be made to minimise lossy optical elements and overall launching and receiving efficiency
should be measured.
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Stability
In-vivo eye imaging is fraught with fixation problems due to the rapid voluntary and
involuntary movement of the eye in addition to the instability caused by variability of
orientation and position of the patient’s head. A fixation image may be projected into
the eye to act as a guide for orientation and focus.
During live imaging the DM should be maintaining a state of correction without creating
artefacts in the image due to harmonic vibration. Minimising the number of optical
elements in the system will also reduce the time maintenance cost of keeping the system
correctly aligned.
Versatility and expandability
SLO imaging and wavefront sensing/correction at 830 nm is the central goal for this
project, however it is desirable to design the system such that implementing OCT imag-
ing is possible without significant modifications. The system will be designed with a
mind for adding a reference arm for OCT imaging at a later date, possibly at different
wavelengths.
5.2 Methodology
This section details the initial and final implementations for an AO-SLO/OCT system
that fulfills the objectives listed above. First is a presentation on an experiment using
a fibre array, followed by a discussion of its flaws and then a detailed description of the
final design.
5.2.1 Fibre array
A slight redesign of the original system was trialled where the environment around the
source fibre from the SLD was altered. A key limitation of the original design was the
relationship between signal received by the photodetector and the side-effects of the
wavefront correction process. As the DM brings the wavefront to a corrected state,
it often results in a lateral shift of the beam away from the tip of the receiving fibre,
causing a drop in photocurrent from the detector and reduced image intensity.
Conceptually, a fibre coupler array could be used to launch light from the SLD and
receive backscattered light from the object into the same fibre. Light travelling to and
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from the object are completely common-path in this scenario. The array would also

















































Figure 5.3: Diagram showing an AO-SLO/OCT system using a fibre array.
Fig. 5.3 shows a modified version of the system presented in Fig. 5.1 with the addition
of a fibre coupler array and the removal of a beamsplitter and glass slide. Light launched
from the 830 nm SLD (Superlum) enters the input fibre of the array (L3) and is split
70:30 into the two output fibres L1 and L2 respectively. Light from both of these fibres
are collimated using x10 objective lenses. 10% of the light transmitted from L1 into
the object arm and through the beamsplitter is wasted, and 90% is reflected to the first
curved mirror CM1.
Light propagates through the object arm identically to the legacy system in section
5.1.1 until it returns to the beamsplitter. 10% of the light returned from the object is
transmitted to the WFS while the remaining 90% is reflected back into the fibre coupler
array through L1. 30% of this light is sent back to the SLD (L3) and the remaining
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70% travels to the second coupler (L4). Light launched from L2 into the reference arm
propagates through a series of silver planar mirrors and is coupled into fibre L5. Since
the reference arm is static there is no issue having the light injected into a separate fibre.
Light returned from the object (L1 to L4) and the reference arm (L5) is then recombined
in a 50:50 coupler and sent to a Nirvana balanced photodetector (Newport). If the
reference arm is blocked, one of these fibres may be removed and connected to an APD
to provide better quality SLO images, due to the single mode structure of the fibre used
in the fibre array.
5.2.1.2 Achievements
This design achieved a remarkable increase in efficiency over the previous design. Though
10% of transmitted light was wasted through the beamsplitter, and a further 30% of
light returned from the object was wasted on return, there was a significantly higher
measured efficiency increase. Considering a 100% reflectance from the object, the total
power returned to the detector from the object arm in the legacy system is 18.9% of the
emitted power from the SLD, which increases to 39.69% for the new arrangement. Since
losses through the reference arm were negligible, it was not harmful to reduce the overall
power being transmitted. This increased the power output into the confocal (object)
arm. Further, there is now 90% reflectivity of light from the source fibre into the system
via the lone beamsplitter.
On return from the object, 90% of the light is injected into fibre. This is a substantial
relative increase over the legacy system which used a glass slide to siphon light to the
SLO, then 30% was sent back to the source and then 90% of the remaining light was sent
to the detector. For SLO imaging, only one of the two output fibres of the 50:50 coupler
(L6, L7) could be used. Though a 50% loss in signal is significant, due to the high gain
values of the SLD there was still more than sufficient signal to produce quality images. It
was also found that, unlike the previous system, running closed loop correction with the
AO had negligible effect upon the signal received by the photodetector. It is assumed
then that if the DM caused the beam to be shifted, the effect upon detected signal was
less than previously reported. In addition, due to the use of a single-mode fibre in the
SLO channel rather than a multi-mode fibre, the resolution loss due to coupling was
avoided.
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5.2.1.3 Limitations
There were several advantages to using the fibre coupler array with the AO-SLO/OCT
system, however experimentally there was a significant disadvantage. Since both cou-
plers are joined in an array, there is significant transmission of light in both directions.
Imaging with SLO required that the reference arm be blocked to avoid contribution of
light entering L5 saturating the APD. Though it was possible to do this, it was discovered
that overall SNR was negatively impacted due to fibre-end reflections produced by the
reference arm output fibre L2. The fibre tip itself must be cleaned periodically otherwise
the reflections return enough light to the detector to saturate before the contribution of
light returned from the confocal arm.
Even with a clean fibre tip there was some small contribution of light from L2 to the
confocal image, causing a loss of SNR for the SLO image. The other obvious disadvan-
tage of this implementation is that OCT and SLO imaging can no longer be performed
simultaneously without an additional beamsplitter, since the SLO channel takes one of
the two fibres used for balanced detection.
5.2.2 Improved design with non-planar mirror arrangement
AO introduces additional layers of complexity to the design of the optical imaging sys-
tem. Compromises must be made between cost, image quality and versatility. The key
component in this AO-SLO design is the MEMS deformable mirror from Imagine Op-
tics, which has a reflective membrane of 15 mm diameter (the same device used in the
legacy system). The mirror has been designed such that the outer ring of actuators is
positioned on the periphery of the visible area of the membrane. The reasoning behind
this design decision is that the mirror can impact the full visible area of the reflective
surface with no ‘dead zones’, i.e. regions in which the reflective surface cannot be fully
actuated. It is for this reason that AO imaging systems have been designed to resize
the imaging beam so it fully illuminates the visible area of the deformable mirror to
maximise the effect of the MEMS device on the wavefront.
Given the 15 mm diameter of the visible portion of the deformable mirror and the small
size of the other optical elements, telescopes must be employed to resize the beam as
it propagates through the system so that the beam is not clipped. Lenses cannot be
utilised to resize the beam as they cause back reflections to be directed back through
the system to the wavefront sensor. This has a negative impact upon the accuracy of
the wavefront measurement and subsequent closed loop correction. Gold-coated curved
mirrors of differing focal lengths are used to reflect and refocus the beam, changing the
beam diameter, as demonstrated by the legacy system in Fig. 5.2.
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Unfortunately, curved mirrors induce aberrations in reflectance, the magnitude of which
increases as the angle of off-axis incidence increases. These aberrations will contribute
to the overall degradation of the wavefront in the object arm, reducing resolution on the
target. This effect was observed with the previous configuration (see section 5.1.1.3).
Given the purpose of the AO project to keep optical aberrations to a minimum, efforts
must be made to reduce the aberration-inducing effect of the optical elements that
comprise the system. Typically this entails careful positioning of the mirrors to minimise
the off-axis beam propagation, thus reducing the astigmatism and coma aberrations
induced.
More sophisticated techniques have been reported which implement a non-planar reflec-
tive telescope design that has the beam propagate in a single dimension per reflection.
In addition, each reflectance from a curved surface in one dimension is countered later
with a negative equivalent movement. For example, a beam incident upon a curved
mirror may be reflected 0 degrees horizontally and 5 degrees vertically. To compensate
for the aberrations induced in this movement, a later telescope will apply an inverse
reflectance of 0 degrees horizontally and -5 degrees vertically. In essence, the beam is
subjected to an inverse set of aberrations of the same magnitude, which should eliminate
system-induced astigmatism aberration.
The use of curved mirrors will introduce spherical aberration as the beam is reflected.
Spherical aberration is a consequence of reflections from a spherical surface wherein
rays that hit the outer edge of a curved optic will focus at different points to the parax-
ial(central) rays. With multiple focus points the subsequent image may appear blurry.
Theoretically, one might combat spherical aberrations with the placement of pinholes at
the foci of each telescope to block all but the paraxial rays. This is not always possible
with AO systems, particularly those that include large-stroke deformable mirrors as the
closed loop corrections may alter the wavefront so much as to deviate the beam slightly,
causing a lateral shift that might result in a clipped beam if using fixed pinholes.
5.2.3 Considerations
Translation of theory into a practical imaging system requires careful selection of optical
elements and consideration with their arrangement. Given the information discussed
above, the following key areas must be considered when designing the AO-SLO system.
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5.2.3.1 Beam size
Beam size is a critical consideration when designing any optical system. With AO-
enabled designs it is important to resize the beam for maximum effect upon each com-
ponent involved in the sensing/correcting loop. The following elements in the system
have specific requirements for beam size:
• The reflective surface of the Miraro 52-E deformable mirror has a diameter of 15
mm
• Galvoscanners are 5 mm wide
• The HASO wavefront sensor has an aperture size of 5 mm diameter
• The human eye pupil has a diameter ranging 2 to 8 mm (AO systems target pupil
diameter greater than 4 mm)
In each case it is beneficial to resize the beam to the maximum diameter allowed by the
optical aperture. The DM is afforded greater control over the wavefront if the entire
surface is illuminated.
For accurate measurement of the wavefront it is desirable to illuminate as much of the
wavefront sensor as possible without clipping the beam. The beam returned from the
sample to the WFS is decomposed by the lenslet array into a spot pattern on the CCD
(refer to Fig. 4.2). Larger spot patterns provide more detailed information on the
distribution of power and the shape of the wavefront. When modulating the stroke of
actuators on the DM, the effect of a single movement is more precisely measured with
higher numbers of spots on the WFS. This allows for more precise determination of the
effect that each single actuator has on the wavefront.
The lens in the human eye is treated as any objective lens in a conventional microscope
system. SLO techniques are constrained by the limitations of the eye; the pupil cannot
exceed more than ∼8 mm diameter, and even then specialist drugs are required to dilate
the pupil to this extent. Designing the system for a best case scenario of a pupil size
of approximately 8 mm should help the AO achieve maximum potential by increasing
the NA, bringing maximum achievable resolution closer to the diffraction limit. The
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where d is the resolvable feature size, λ is the wavelength, n is the index of refraction
and θ is the half-angle of collection of the objective. The drawback of this design would
be if the AO fails to provide a correction, since the larger pupil will induce spherical
aberration. The larger diameter lens and beam size means that rays passing through
the lens near the edge have a different focal point than those near the centre. This
error increases with the diameter of the lens, so if not properly compensated this creates
problematic ’ghost’ images at different axial distances.
5.2.3.2 System induced aberrations
The new design should reduce the system-induced optical aberrations that proved prob-
lematic for the legacy system. Attempts should be made to reduce the number of optical
elements - particularly the aberration-inducing curved mirrors - to a bare minimum. As
with the legacy system, the X and Y scanners should be positioned in close proximity to
avoid the lengthening of the optical path. Curved mirrors with large focal lengths are
preferred to reduce the negative impact they have on the wavefront, particularly with
off-axis reflections. An issue with this implementation is that the optical path becomes
long, as evident in the legacy system.
5.2.3.3 Conjugate planes
Adaptive optics using a DM and WFS requires precise positioning of optical components
such that the DM, WFS and pupil plane are conjugated. A single point of light in the
pupil plane must also be a single point on the surface of the DM and WFS. When using
scanning elements, the galvoscanners must also be placed in the conjugate plane. To
achieve conjugation, the image from the pupil must be re-imaged on the surfaces of the
scanners, DM and WFS. Fortunately telescopes are already in use to resize the beam.
There is a slight issue when using integrated XY galvoscanners since only one of the
scanning mirrors may be placed in the conjugate plane. A solution would be to separate
these scanners and place an additional telescope between, however this will lengthen the
optical path further and raise the potential for system induced aberrations. It is for this
reason that the concentrated XY scanners are retained.
5.2.3.4 Removal of lenses due to back reflections
A Shack-Hartmann wavefront sensor is used for determining optical aberrations present
in the system. This technique requires that all backscattered light is returned from the
sample to the WFS, however this may not be true. A problem when using lenses to
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propagate light is that they cause back reflections, which distort the readings on the
WFS. For the closed loop AO to work correctly, only reflective mirrors may be used in
the object arm to resize the beam, to prevent back scattered light from compromising
the wavefront measurement. In the previous configuration, 2 inch gold-plated curved
















































Figure 5.4: Schematic of wavefront sensing system. The lens L1 is representative of
the eye lens, with the object O representing the retina.
Fig. 5.4 shows the new design for a AO-SLO system. The SLD emits a 830 nm collimated
beam of 3 mm diameter that is split by a 90/10 plate beamsplitter (BS2), wherein 90%
light is reflected to the object arm and 10% is wasted. In this design, the galvoscanners
are swapped with the DM, bringing them closer to the launcher. Larger galvoscanners
were selected; the 3 mm mirrors were replaced with 5 mm mirrors, to reduce potential
power loss from beam clipping. Bringing the galvoscanners closer to the launcher allows
for the elimination of a telescope (two curved mirrors) since the launching beam of 3
mm diameter need not be resized to fit the 5 mm galvoscanner mirrors.
The beam is directed at 90 degrees from the integrated XY galvoscanners. The first
telescope is comprised of CM1 with f = 200 mm and CM2 with f = 1000 MM. CM1 and
CM2 are positioned opposite each other, with CM2 being elevated. After passing through
Chapter 5. AO-SLO/OCT for eye imaging and high resolution microscopy 74
this telescope, the collimated beam is enlarged to 15 mm diameter and is reflected from
the surface of the DM to the second telescope. CM3 with f = 1000 mm and CM4 with
f = 500 mm reduce the beam diameter by half to 7.5 mm. This telescope reverses the
height propagation of the first telescope formed by CM1 and CM2.
In reflection from CM4 the collimated beam of 7.5 mm diameter travels to the objective
via a hot mirror (HM). The HM is transparent for visible light and reflects light of
wavelength larger than 700 nm; it is used in place of a regular plane mirror so that
fixation can be implemented for eye imaging. Light returns from the object through
the system and is again split by the 90/10 beamsplitter BS2, where 90% returns in
reflection to the avalanche photodetector. The remaining 10% transmits through the
beamsplitter and reflects 90 degrees off a silver plane mirror. The beam is re-imaged on
the WFS using a telescope comprised of two f = 500 mm lenses (L2, L3) before entering
the aperture of the Shack-Hartmann WFS. The 90% light reflected from BS2 is again
split by BS1, where 90% goes to the APD.
5.2.5 Wavefront optimisation
Figure 5.5: Layout of 52 actuators with voltages shown.
The critical component in this AO system is the MEMS deformable mirror, which serves
as a means to modify the wavefront. Specifically, the device used is a MIRAO 52-E,
supplied by Imagine Optics and controlled using specialised software called CASAO.
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The deformable mirror is used in combination with a Shack-Hartmann wavefront sensor,
which provides accurate measurement of the wavefront. The wavefront sensor consists
of a CCD camera with a mounted 32x32 micro-lenslet array that focuses an incoming
beam to a spot pattern upon the surface of the camera.
Supplied software called HASO is used to evaluate the spot pattern to provide a de-
tailed measurement of the wavefront. This is accomplished by analysing the shape,
size, contrast and placement of the spots in the pattern to determine information on
the wavefront. By analysing the spot distribution, the software can generate a set of
slopes. These slopes provide vital information on the state of the wavefront, such as tilt,
defocus, astigmatism and various other aberrations. Once the incoming beam has been
decomposed to a set of Zernike coefficients, the deformable mirror may be modified to
apply an inverse of these aberrations, effectively flattening the wavefront.
The Mirao 52-E MEMS device has several possible states. When the driver is powered
off, the actuators may be positioned arbitrarily, causing the reflective surface of the
mirror to become irregular. A beam reflecting from the surface of the mirror in this
state is subjected to severe aberrations. When powered on, the actuators of the mirror
assume a ’zero’ state; this means that there is a practical application of 0 V to each
actuator. In practice this does not mean that the surface is totally flat. Fig. 5.5 shows
an example of random voltages applied to each of the 52 actuators in the DM.
Figure 5.6: Spot pattern of uncorrected wavefront.
Fig. 5.6 shows the visualisation of the spot pattern as seen by the WFS. Note the non-
uniform intensity distribution of the spots. The shape, size and distribution of these
spots can be used to generate wavefront information, aiding in the representation of the
wavefront as shown in Fig. 5.7. This figure shows a total wavefront error of 0.638 µm
RMS excluding tilts and focus. The image shows that the wavefront has astigmatism
aberration.
Chapter 5. AO-SLO/OCT for eye imaging and high resolution microscopy 76
Figure 5.7: Uncorrected wavefront measurement.
Active wavefront correction is achieved in two stages: initial computation of the wave-
front error and closed loop correction algorithm.
5.2.5.1 Initialisation of adaptive optics
The process of correcting the wavefront requires that there be an object to use as a
reference. A scattering target is selected to perform the wavefront measurement on;
specular targets saturate the WFS and provide inaccurate measurements due to the
sensitivity to tilt. Typically a sheet of white paper is used as a target when determining
the nature and magnitude of optical aberrations induced by the components of the
imaging system. With a forward current of 100 mA from the SLD controller, the light
measured at the pupil is 220 µW. It is important to supply enough light for sufficient
readings on the WFS without saturating the CCD camera.
With the galvoscanners stationary and zeroed in a central position, the object is moved
into focus. The light returning from the paper is decomposed by the WFS into a spot
pattern, which is analysed by the supplied CASAO software. Wavefront measurement
is achieved through analysis of this spot pattern to form a 3D profile. By inspecting the
intensity, size and arrangement of individual spots, the software forms a series of slopes.
For this process we ensure the room is as dark as possible to prevent ambient light from
interfering with the calculations.
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Figure 5.8: Building interaction matrix with common pupil shown.
Once a measurement is acquired, the next stage is to modulate the actuators on the DM
and determine the effect on the wavefront. The MIRAO 52-E has actuators that may
be modulated with a positive or negative voltage. Before closed loop corrections can be
made, an interaction matrix (IM) must first be constructed. The IM is essentially a
set of slopes that are taken as voltage is individually applied to each of the 52 actuators
sequentially. Limits for modulation are determined by the user, in this case ±0.2 V is
used. With 2 states for each actuator and another ’neutral’ state where no additional
voltage is applied, a total of 105 measurements are taken.
Fig. 5.8 shows Casao during IM acquisition. In the bottom left corner is a display of
the 52 actuators, with one currently highlighted. This shows which actuator is currently
being modified. The main panel has a control that allows for adjustment of the push/pull
value. This is the value by which each actuator will be adjusted during the IM acquisition
cycle.
The white circle in the main panel is the largest common pupil. The common pupil
demonstrates the area of the spot pattern from which measurements can be taken
from all permutations of actuator modification. Areas outside of the common pupil
are deemed to contain insufficient information on the wavefront, and any weak signal
from these areas is ignored. If adjusting an actuator causes part of the spot pattern
to become too weak (intensity below threshold required) then the common pupil may
begin to shrink.
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The effect of a small common pupil is that the outer ring of actuators on the DM may
not be used when running closed loop corrections. A large common pupil is desired for
best correction, however this is limited by the objective lens diameter. Since an 8 mm
objective lens is used for determining the IM, the common pupil is not reduced during
phase manipulation. Fig. 5.9 shows the influence of four actuators on the wavefront as
determined by the interaction matrix.
(a) Actuator 1 adjusted by 0.2 V (b) Actuator 4 adjusted by 0.2 V
(c) Actuator 22 adjusted by 0.2 V (d) Actuator 40 adjusted by 0.2 V
Figure 5.9: Images of wavefront during 4 of the 105 stages of IM acquisition.
From the IM, a command matrix (CM) is created. The CM is a simulated response
of the overall wavefront as voltages are applied to the actuators. An accurate CM
is essential for the success of the closed loop as it provides information on the effect
each actuator has upon the wavefront when modulated. A CM is calculated using a
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configurable number of Eigenmodes. Raising the number of modes provides more details
on higher order Eigenmodes, though this may come at the cost of an effective correction.
For this experiment, 48 modes are calculated.
(a) Eigenmode 1 (b) Eigenmode 6
(c) Eigenmode 8 (d) Eigenmode 47
Figure 5.10: Calculated Eigenmode influence on wavefront.
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Fig. 5.10 shows the calculated influence of 4 of the 48 Eigenmodes on the wavefront.
Also displayed is a diagram that describes the commands necessary to minimise the
effect of this type of aberration on the wavefront. Low order Eigenmodes (Fig 5.10a,
5.10b, 5.10c) require minor movements of the actuators, typically under 0.5 V. Fig. 5.10d
shows that an extensive adjustment of the actuator phase is required to compensate for
larger numbers of Eigenmodes.
5.2.5.2 Closed loop correction
The objective of closed loop correction is to flatten the wavefront as much as possible.
After the generation of the CM and the determination of the wavefront error is made,
the CASAO software is committed to apply an inverse of the detected error. Limits are
imposed upon this operation to ensure a solution is reached quickly and efficiently.
Gain is an important contributing factor to maintaining a stable closed correction loop.
The closed loop will attempt to incrementally manipulate the actuators every iteration
of the loop, and then measure the effect upon the wavefront. A high gain will cause
the loop to converge quickly upon a solution, however this may cause the undesirable
effect of ’overshooting’ the target wavefront. In the case that the gain is too high, the
closed loop will continuously overshoot its target, producing an inaccurate and unstable
solution.
Low gain values will ensure that the actuators are manipulated in smaller, more precise
steps each iteration. This usually raises the accuracy and stability of the closed loop
correction at the cost of speed. Reducing the gain too much will cause the corrections to
lag behind the detected wavefront error, since the steps are not large enough to correct
for variance between each iteration. For this experiment a gain of 0.2 V was found to
be a good compromise between speed and stability. With a rate of 20 Hz, it typically
takes little more than 2 seconds to achieve optimal correction.
5.2.6 Image acquisition and processing
An avalanche photodiode detector (Hammamatsu) was selected, with peak sensitivity at
the operating wavelength of 830 nm. This photodetector has the capability to provide
high gain to the received photocurrent; this is vital for the purposes of in-vivo eye
imaging due to the weak light returned from the patient’s eye to the detector. For
standard microscopy of scattering and specular targets, we may reduce the gain by
reducing the voltage applied to the APD, allowed by a potentiometer on the driving
board supplied by Hammamatsu.
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5.2.6.1 Synchronised analogue input/output
The imaging software is required to output two signals, one for each of the two galvoscan-
ners responsible for rastering the beam in two dimensions across the sample. A module
for LabVIEW named DAQmx provides a means to create connections to an I/O board so
it may exchange data through hardware. To control the XY scanners it is required that
two waveforms be created before they are digitised and communicated to the scanner
driver.
A triangular waveform is generated for the fast line (X) scanner, with a frequency of 500
Hz and a maximum amplitude of 1.5 Vpp. A second, sawtooth, waveform is generated
for the slow frame (Y) scanner, with a frequency of 2 Hz and maximum amplitude of
1.5 Vpp. This secures an overall video rate of 2 frames per second (FPS). 1.5 Vpp was
determined experimentally to be the maximum voltage that may be applied without
scanning the beam off the edges of the other optics. Two DAQmx tasks are created in
the LabVIEW software to create analogue output channels to carry voltage to the driver
box. Both of these tasks must have a synchronised start to avoid the image ’drifting’
out of phase during imaging. This initial synchronisation is used also to determine the
splicing of incoming data from the photodetector into usable frames.
5.2.6.2 Image reconstruction
A third DAQmx task is created to retrieve analogue input voltages from the photode-
tector via the breakout box. This task is also triggered in synchronism with the tasks
controlling the galvoscanners. Data acquired from the photodetector is received as a
continuous stream and must be digitally spliced into lines, which form frames.
This task will continuously pull a 1 dimensional array of numerical (floating-point) data
from the photodetector. Within the software, the image is constructed by restructuring
the data as it is received. We construct each complete image with 125,000 sequential
samples read from the photodetector. Considering that that horizontal X scanner runs at
500 Hz, our array of 1D data must be re-sampled such that each sample is representative
of a single pixel on the object as seen by the imaging beam.
The 125,000 samples are spliced into blocks of 500, where each block is now a separate
line in a 2D array. This is performed 250 times until all 125,000 samples have been
spliced into lines in a 2D array. The result is a 500 x 250 2D array of floating-point
numbers from which an image is constructed. Following the re-sampling process, the
data is then subjected to BCG (brightness, contrast, gamma) modifications to create a
meaningful image that is displayed live on the screen.
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In actuality, the software pulls 250,000 samples per second from the photodetector.
With the frame Y scanner running at 2 Hz, this whole process is completed twice per
second giving an imaging rate of 2 FPS. Integrated into the software is the capability to
acquire snapshots (saving a single image) or indefinite sequential recording of images in
real-time.
5.3 Results
The results are presented in multiple sections. To determine if the system is successful in
achieving its objectives, characterisation of its performance must be conducted. Section
5.3.1 provides a comprehensive analysis of the system performance with relation to
wavefront measurement and correction.
Section 5.3.2 provides results taken from practical experimentation upon a USAF res-
olution target. This is an important step to characterise the imaging properties of the
setup. Section 5.3.3 demonstrates results taken from imaging skin with the confocal
setup. Finally the system is used to image the living human eye and the results are
shown in section 5.3.4.
5.3.1 Wavefront characterisation
To determine the effectiveness of the wavefront correction, it is necessary to compare
measurements of the wavefront pre- and post-correction. Fig. 5.11a displays the spot
pattern as detected by the WFS in comparison to a corrected version in figure 5.11b.
It is not immediately clear that the corrected version is less aberrated than the pattern
detected prior to closed loop. Both spot patterns display spots with irregular brightness
levels, so careful analysis is required to differentiate the two. It is worth noting that
the scale for intensity in Fig. 5.11a ranges between 4 and 153 while the corrected spot
pattern in 5.11b ranges between 0 and 238. This demonstrates that the corrected spot
pattern has higher contrast than the uncorrected pattern, and greater overall intensity.
From the spot patterns the slopes are calculated, then an overall wavefront measurement
can be represented. Fig. 5.12 displays the calculated wavefront error prior to correction
(5.12a) and after correction (5.12b). Focus and tilt are not considered when determining
the wavefront error since these may easily be introduced through the placement of the
imaging object or the WFS.
Fig. 5.12a shows an overall wavefront error of 0.638 µm RMS. It is clear from the
diagram that the wavefront suffers strong astigmatism in addition to other aberrations.
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(a) Prior to correction.
(b) After correction.
Figure 5.11: Spot patterns detected by WFS before and after closed loop correction
Post correction, a wavefront error of 0.020 µm RMS is calculated, and visually a much
more uniform wavefront can be seen. In this case, a value of 0.090 µm PV is calculated,
proving a much flatter surface.
In Fig. 5.13 two 3D representations of the wavefronts can be seen. In 5.13a we see the
uncorrected wavefront assumes an irregular ’saddle’ shape, with limits between 1.86 µm
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(a) Prior to correction. (b) After correction.
Figure 5.12: Wavefront error calculated from spot pattern pre- and post-correction.
and -1.73 µm. The corrected wavefront displays a much flatter surface in figure 5.13b,
with the lower limits of ±0.016 µm.
(a) Prior to correction. (b) After correction.
Figure 5.13: 3D Wavefront error calculated from spot pattern pre- and post-
correction.
(a) Prior to correction. (b) After correction.
Figure 5.14: Pixel intensity distribution pre- and post-correction.
From the spot pattern comparison in Fig. 5.11 a variance in intensity can be noted
between the pre- and post-correction states. Further analysis quantifies this difference,
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as displayed in figure 5.14. It can be seen that the maximum pixel intensity on the WFS
has increased to 1305 AU (arbitrary units) (Fig. 5.14b) from 960 AU (Fig. 5.14a), an
increase of 36%. It is also shown how the contrast (as a determination of spot intensity
versus background noise) has increased from 2.27 to 3.06 after correction. Worth noting
are the regions of low power (coloured deep red) that are predominantly on the edges
of the spot, with the yellow and white (’hot’) regions of high intensity centralised post-
correction. This indicates that the AO loop performs some beam shaping that affects
the intensity distribution.
(a) Prior to correction. (b) After correction.
Figure 5.15: Calculated slopes post-correction. Image 5.15b shows the slopes ex-
tended to emphasize the shape of the wavefront.
Fig. 5.15a shows the slopes (visualised as short lines in the pupil) after closed loop
correction. Fig. 5.15b shows the same slopes, with the lines extended for clearer visual-
isation. It can be seen that the focus is mostly centralised after correction.
Uncorrected Corrected
Chief ray
X tilt (mrad) 0.283 0.244
Y tilt (mrad) -0.010 0.305
Curvature (m−1) -0.140 -2.777
Focal point position
Radius (m) -7.156 -0.360
X position (mm) 0.1539 0.4662
Y position (mm) 0.3036 0.1693
Astigmatism
Astigmatism angle (◦) 61.5 64.0
Sagittal focal length (mm) 1186.096 -364.099
Tangential focal length (mm) -890.806 -356.197
Table 5.1: Beam parameters for the chief ray pre- and post-correction as measured
by the WFS.
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5.3.2 Experimental analysis of transversal resolution
Figure 5.16: Confocal image of USAF target displaying the smallest bars 2 µm apart.
To determine practical lateral imaging resolution a USAF target is placed as an object.
The target is a glass slide with a number of reflective bars of varying sizes, organised
into groups. The smallest set of bars are placed 2 µm apart. As the gap between the
bars in Fig. 5.16 is clearly distinguishable, we can assume that the transversal resolution
is approximately 2 µm in air.
Chapter 5. AO-SLO/OCT for eye imaging and high resolution microscopy 87
5.3.3 Microscopy of thumb and skin in-vivo
(a) (b)
(c)
Figure 5.17: Images of the thumb acquired using a 25 mm lens as the objective. The
DM was used to shift the focus to three different depths during imaging. Image size is
1 mm by 1 mm.
Fig. 5.17 shows three en-face images acquired from the flesh of the thumb in-vivo.
Clearly seen in each image are the striations of the surface of the skin. During live
imaging, the DM was manipulated to shift the focus to different depths, over a total
range of approximately 0.5 mm. This can be observed in the figure as the region of
highest intensity changes with depth.
Fig. 5.18 shows a similar confocal image acquired from the skin on the arm. The
structure of the skin can be seen in the image, in addition to two hairs.
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Figure 5.18: Image of the skin showing the stratum corneum and hair. Image size is
1 mm by 1 mm.
5.3.4 In-vivo human eye imaging
Images acquired from a volunteer’s eye are shown in this section. Ethical approval for
imaging was acquired from the Faculty Support Office ethics committee for the period
01/06/2013 to 31/05/2015. For a scanning beam, total permissible power to the eye at
830 nm wavelength is less than 700 µW.
Presented are images of the areas of the retina of the right eye proximal to the fovea,
exhibiting a high density of photoreceptors. Results are grouped according to practical
image size. Fig. 5.19 shows images taken with the widest field of view allowed by the
setup, with 1.5V applied to scanners. Figures 5.20, 5.22 and 5.24 show images taken with
progressively smaller fields of view: 1.0V, 0.5V and 0.25V respectively. An additional
group of images acquired at 1.0V is shown in figure 5.21, displaying areas of the retina
with lower photoreceptor density.
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(a) (b)
(c) (d)
Figure 5.19: Images of retina acquired from human eye in-vivo with 1.5 V to scanners.
Image size is 1 mm by 1 mm.
The images shown in this first group have been acquired at the widest field of view of 1.5
V to scanners (larger voltage is prevented by clipping of the beam by different mounts
in the interface optics). In practice, this is an area of approximately 1 mm x 1 mm.
Each image shows a high density of photoreceptors, identified by the distinctive round
shape and brightness in contrast with surrounding retinal tissues.
Images 5.19a to 5.19c are taken of the same area, slightly translated vertically. Easily
identifiable is a large blood vessel running horizontally across the image, here shown as
a thick black band. In the centre of the band is the flowing blood, shown by the thin
white stripe. Figure 5.19b shows the large blood vessel with two other smaller vessels
intersecting it vertically in the centre.
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Note that the first three images show a drop in image intensity in the right side. This
is presumed to be a result of increased wavefront aberration causing noise in the image,
lowering the contrast. Aberrations may have been due to the curvature of the retina at
this point, or some other factor with the eye. The final image in this group (fig 5.19d )
shows practically uniform intensity across the frame.
(a) (b)
(c) (d)
Figure 5.20: Images of retina acquired from human eye in-vivo with 1.0 V to scanners.
Image size is 700 µm by 700 µm.
The second group of images are zoomed in, 1.0 V applied to both scanners producing a
practical image size of 700 µm x 700 µm. Fig. 5.20a shows a regular array of photore-
ceptors on the retina, with a small blood vessel running vertically. Fig. 5.20b shows a
dense set of photoreceptors on the periphery of a large blood vessel in the bottom left
corner, and 5.20c displays an ’island’ of photoreceptors bordered by a forked vessel. The
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final image (Fig. 5.20d) is a closer look at the area surrounding the thick horizontal
blood vessel shown in 5.19.
Whilst maintaining the same 700 µm x 700 µm image size as 5.21, the volunteer was asked
to tilt the eye such that the imaging beam falls upon an area of the retina less populated
by photoreceptors. Figures 5.21a and 5.21b show a dense population of photoreceptors.
Less are seen in 5.21c and 5.21d as the the eye is tilted temporarily. Once the beam is
positioned near the optic nerve, few photoreceptors can be seen (fig 5.21e, with large
blood vessels dominating the image (Fig. 5.21f).




Figure 5.21: Images of retina acquired from human eye in-vivo with 1.0 V to scanners.
Image size is 700 µm by 700 µm.
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Images in Fig. 5.22 are taken with 0.5 V applied to scanners, covering an area of
350 µm x 350 µm. Figures 5.22a to 5.22d show zoomed images of photoreceptors in
densely populated areas. The final two images (fig 5.22e and 5.22f) show the reduction
in photoreceptor count as the eye is turned.
Fig. 5.23 shows an intensity profile taken from a vertical line running down the centre
of Fig. 5.22a. This figure shows the regularity and intensity of points in the image
that are recognised to be photoreceptors. The sharp contrast and high intensity of each
peak clearly identifies these spots as image features and not random noise. In addition,
comparing these images to those found in literature can further improve confidence that
these are indeed photoreceptors [149].




Figure 5.22: Images of retina acquired from human eye in-vivo with 0.5 V to scanners.
Image size is 350 µm by 350 µm.
Chapter 5. AO-SLO/OCT for eye imaging and high resolution microscopy 95
Figure 5.23: Image showing intensity profile taken from Fig. 5.22a running vertically
down the centre of the image.
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(a) (b)
Figure 5.24: Images of retina acquired from human eye in-vivo with 0.25 V to scan-
ners. Image size is 175 µm by 175 µm.
The final set of images are acquired with 0.25 V to scanners, with a practical area of 175
µm x 175 µm. Though the photoreceptors can still be seen, they are heavily distorted
due to the motion artefacts that are much more pronounced with such a small image
size. With the addition of a tracker and some processing, it might be possible to reduce
the distortion.
5.4 Conclusions
The primary goal of this project was to produce an imaging system capable of high
lateral resolution and real-time imaging of biological tissues. Research proved how in-
telligent optical design may reduce system-induced aberrations through careful selection
and arrangement of each individual element, with a consideration for reversing off-axis
reflections.
It is made clear through the implementation of the final system that the organisation
of telescopes into non-planar configuration provides a substantial benefit in keeping
aberrations low when compared with the legacy design. Simplification of the interface
optics is key, as each additional element may introduce a larger margin for error.
Though not a primary concern for this project, it is worth mentioning that the loss of
power to the object in transmission has been significantly reduced in the new configura-
tion. The efficiency of power transmission has more than doubled (increase from 18.9%
to 39.69% round trip) due to the reduction in optical elements (beamsplitters, curved
Chapter 5. AO-SLO/OCT for eye imaging and high resolution microscopy 97
mirrors) and thanks in no small part to the larger galvoscanners. Transmission of light in
one direction is relatively simple, however the return of heavily aberrated light from the
object to the detector may prove problematic. The new configuration certainly increased
the tolerance for this aberration, allowing for more light to be captured returning from
the object.
Sufficient resolution was achieved to make possible the imaging of photoreceptors in
the living non-dilated human eye (transversal resolution of 2 µm established using a
USAF target). The FWHM of the confocal profile was measured to be 40 µm, using
a mirror as an object. Guidance of the volunteer’s eye was achieved through an audio
feedback system whereby the signal from the detector was rendered into sound and
played through a loudspeaker. It was found that this feedback was greatly beneficial
during live imaging as it offered the volunteer feedback as to the effective orientation of
their eye to the imaging beam.
Though the system was configured to work with an objective lens up to 7.5 mm in
diameter, in actuality it was much lower; without a dilating agent the images in 5.3.4
were acquired with a pupil size between 2 mm and 4 mm. Additionally, there was no
fixation or tracker device implemented in the design to assist with the movement of the
eye. The capability of the system to acquire clear images of photoreceptors and other
features despite these drawbacks represents a significant achievement of the AO.
5.5 Evaluation
Experimentation with the AO system yielded positive results, but also exhibited limi-
tations. A major issue with AO is the long optical path lengths that are a consequence
of the telescopes used to resize the beam. Though it is possible to select more powerful
mirrors with short focal lengths, this can have a dramatic detrimental effect upon the
wavefront due to the off-axis reflections.
In the new system, the object path measured approximately 13.5 metres in length (from
launcher to object and back to detector). This length can be problematic as it has a
serious effect on system stability. The mounts used in the experimental system often
required daily attention as the screws loosen, with even the slightest movement causing a
dramatic loss of signal to the detector. Every day the system required a small amount of
calibration to ensure the components are adjusted correctly for maximum performance.
Long path lengths can cause engineering problems when attempting to design a system
for clinical use. Construction of a commercial AO eye-imaging machine would be a
difficult exercise in attempting to reduce its overall footprint. Furthermore, the clinicians
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should not be expected to perform manual calibration of components within the device.
This could potentially raise the cost of these devices to medical clinics if a maintenance
contract is required.
As mentioned in the conclusions, there are several additions that could greatly benefit
the performance of the system. Possibly the single greatest improvement in image quality
could be achieved through chemical dilation of the human eye to reach a higher NA.
Images were acquired with an estimated pupil diameter of 3 mm, though the system
performs optimally with a lens diameter of 7.5 mm. Due to time constraints, it was not
possible to acquire ethical approval for the use of Tropicamide to dilate the volunteer’s
eye. This procedure is common clinically, and as mentioned in 5.4 would provide a
noticeable increase in image quality.
Though a chin rest was used during experimentation, it was found that there was still a
great degree of movement for the volunteer’s head during eye imaging. A more restrictive
chin rest/bite bar would be desirable, with controls for fine adjustment of the head.
When acquiring images from the human eye, the volunteer was asked to fixate on certain
positions in the room or on an illuminated fixation target. This procedure somewhat
reduced the tendency for the eye to drift laterally during imaging, but can be further
improved. The main problem was the eye’s inclination to focus on the fixation itself,
causing the imaging beam to be defocussed upon the retina, resulting in lowered signal
intensity. The fixation, as implemented, was still insufficient to stabilise the eye for
imaging at the smallest size 170 µm2.
Modern eye imaging systems are equipped with a tracking system that identifies struc-
tures or patterns in the object, and works to stabilise them in the image. With the
previously mentioned improvements a volunteer should be able to reduce the major mo-
tions of the head and eye that cause image distortion. The tracker would then be able
to handle the finer motions of the eye (microsaccade) by fixating upon a feature on
the retina and using galvoscanners to make a series of fast, small adjustments to the
imaging beam to compensate for movement. There has been some research in the field
to perform this action as post-acquisition image processing, which may further reduce
the motion artefacts [44].
Chapter 6
Swept source optical coherence
tomography Gabor fusion splicing
technique for microscopy of thick
samples using a deformable
mirror
6.1 Preface
This chapter has been adapted from a publication to Journal of Biomedical Optics
[150]. In this chapter, we present a swept source optical coherence tomography (OCT)
system at 1060 nm equipped with a wavefront sensor at 830 nm and a deformable
mirror in a closed loop adaptive optics (AO) system. Due to the AO correction, the
confocal profile of the interface optics becomes narrower than the OCT axial range,
restricting the part of the B-scan (cross-section) with good contrast. By actuating
on the deformable mirror, the depth of the focus is axially scanned and the system
is used to demonstrate Gabor filtering in order to produce B-scan OCT images with
enhanced sensitivity throughout the axial range from a Drosophila larvae. The focus
adjustment is achieved by manipulating the curvature of the deformable mirror between
two user-defined limits. Particularities of controlling the focus for Gabor filtering using
the deformable mirror are presented.
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6.2 Introduction
Adaptive optics (AO) [151] have been used to great effect in astronomy, eye imaging [149]
and confocal microscopy (CM) systems by exploiting the capability to reduce system-
and sample-induced optical aberrations to enhance resolution [152]. Adding AO to an
OCT set-up enables further reduction of the voxel size of the imaging system, producing
a much smaller 3D volume per voxel due to enhanced transversal resolution, in addition
to axial [153, 154]. Additionally, swept source OCT (SS-OCT) can provide exceptional
imaging speeds due to the rate at which the wavelength can be tuned [54, 155]. The
combination of these technologies have produced fast imaging systems capable of high
resolution, ideally suited for traditionally difficult clinical applications such as ophthal-
mology [156].
6.2.1 Problems presented with AO/SS-OCT
There is a trend in developing long coherence length swept sources that can determine an
axial range extending over 1 cm and more [157]. On the other hand, an AO enhanced
confocal microscope system can shrink the confocal profile width to values of tens of
micrometers or even smaller. As the SS-OCT method presents the disadvantage that
the reflectance of all points along the axial range are measured under a fixed focus,
maximum sensitivity within the cross-sectional (B-scan) OCT image is achieved in the
focus only. If the full width half maximum (FWHM) of the confocal profile, acting as
a confocal gate (CG) is smaller than the OCT axial range (AR), then the OCT image
presents high contrast and good transversal resolution within a spatially restricted stripe
determined by the CG only.
6.2.2 Possible solution
The problem presented is that the region of highest quality (as determined by con-
trast and resolution) is limited by the width and position of the CG. Efforts have been
made to extend the depth of focus (DOF) whilst maintaining high lateral resolution.
One approach uses an axicon lens to produce a Bessel beam, extending the DOF when
compared with a Gaussian beam. The DOF is enlarged at the expense of lowered sensi-
tivity, making the method less suitable for imaging samples of low reflectance [158, 159]
although progress has been made to improve its efficiency[160].
A solution was developed based on Gabor filtering [161] that shifts the CG incrementally
through the sample; an OCT cross-sectional image was acquired at 5 different focus
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positions (R) as manipulated by an electrical lens. From each of the 5 images, the in-
focus region was extracted and then spliced together to form a single image wherein all
regions are in focus.
It was determined that 5 repetitions of data acquisition with shifted focus were sufficient
as the CG profile was approximately 1/5th of the AR. Due to the enhanced coherence
length of swept sources, the ratio R = AR / CG may be much larger than 5, in which case
the Gabor procedure may slow the acquisition considerably. This presents a problem
as the process is largely manual, with a margin for error increasing as there may be
variations in the imaging parameters over time, especially with living samples. The
next logical step would be the design of a system that simplifies and expedites this
procedure.
6.3 Methodology
As detailed in Fig. 6.1, an AO configuration is presented where a deformable mirror
(DM), normally employed by the AO closed loop to correct the wavefront, is also used
to shift the focus for Gabor filtering. A DM was already reported as the element for
focus control in a time domain OCT (TD-OCT) system [162]. The focus was moved in
synchronism with the coherence gate, achieving what is known as dynamic focus [163].
This procedure is not applicable in spectral domain OCT. In addition, in a closed loop
AO configuration, attempts of focus control have to be disconnected from the feedback
loop operation, which actively works to reduce aberrations (including defocus). In a
related report [164], an AO system using a DM combined with spectrometer based OCT
was used to control the focus position and shape of the confocal gate by actuating on
the spherical aberration introduced by the DM itself. Here we actuate on a different
aberration component, defocus, and use such control to implement Gabor filtering as
detailed below.
6.3.1 Concept
Given the speed of SS-OCT imaging, which allows frame rates as high as 100 Hz, there
is room for sufficient high values of R to still secure video rate, which is important
in live imaging systems [165]. R B-scans are acquired where the region of maximum
intensity as determined by the CG profile is shifted deeper within the object along the z
coordinate. After acquisition, each image obtained in this way may then be cropped to
isolate the in-focus regions in depth. The cropped images are subsequently assembled
together across R into a single synthesized image of uniform intensity.
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Figure 6.1: Schematic of the AO/SS-OCT system with imaging at 1060 nm and
wavefront sensing plus confocal microscopy at 830 nm.
The focus control using a DM is achieved by generating a set of corrections by controlling
the magnitude of the Zernike polynomial responsible for that of defocus only. Closed loop
correction will be conducted to optimize the wavefront, providing a base configuration
for the DM. The focus will then be shifted and the closed loop executed again to achieve
optimization at the new position. This will provide two states (base state and modified
state) from which intermediate positions may be interpolated. In essence, we would have
a set of states where the corrections have been optimized for imaging at different axial
positions in the sample.
6.3.2 Optical design for minimizing system-induced aberrations
This implementation of DM control utilizes a system of passive and active aberration
correction to improve image quality. Passive correction is achieved through an optimized
system wherein the number of optical elements (specifically the curved mirrors required
to resize the beam, known for inducing aberrations) has been minimized. Collimators
(Schafter & Kirchhoff: FC-F-4-M15-37) launch beams of 3 mm diameter.
By using the two galvoscanners, X and Y (5 mm), close to each other, the number of
curved mirrors is reduced. Two telescopes (pairs of curved mirrors with different focal
lengths) are placed in the setup to increase the beam diameter to 15 mm to fully cover
Chapter 6. Swept source optical coherence tomography Gabor fusion splicing technique
for microscopy of thick samples using a deformable mirror 103
the reflective surface of a DM (Imagine Optics: Mirao-52e), then to reduce the beam
down to 7.5 mm on the final lens (L2) of 25 mm focal length.
Furthermore, these telescopes are arranged in a non-planar configuration with the beam
propagating in a single plane, either horizontal or vertical. This is seen in Fig. 6.1
where the beam travels between curved mirrors CM1 and CM2 in the plane Y, with no
deviation in X. The beam is then propagated horizontally across the surface of the DM
and then vertically to CM4, at the same elevation with CM1. This technique has been
shown to compensate for astigmatism aberrations induced by reflections from curved
mirrors [145]. We measured sensitivity of the OCT setup to be 100 dB using previously
reported techniques [166]. For imaging we use a 100 kHz Axsun swept source with a
central wavelength at 1060 nm.
We determine the field of view experimentally by blocking the reference arm (using
the confocal signal only) to image a large bar on the USAF resolution target. For this
measurement, the DC output of one photodetector from the balanced detector was used.
The target is mounted on an XYZ translation stage, allowing movement of the bar to the
limits of the displayed image and measurement of the displacement using the micrometer
screws. As demonstrated in chapter 5, we determine that for an amplitude of 1 V of
driving signals applied to both scanners we achieve a 700 x 700 µm2 raster size, and
with 0.1 V the area is 70 x 70 µm2.
6.3.3 Active aberration compensation using deformable mirror
Active wavefront correction is achieved using the same 52-actuator MEMS DM (Mirao
52-E, Imagine Optics) described in chapter 5 and appendix A, in conjunction with a
Shack-Hartmann sensor (HASO-32, Imagine Optics). Wavefront sensing is performed
using light from a 830 nm broadband super luminescent diode (SLD), whose beam path
is almost completely shared with the 1060 nm imaging arm. Prior to imaging, using
a scattering target such as paper, correction is achieved that brings the DM into an
optimal starting configuration where any residual aberrations induced by the optical
elements in the system itself are reduced.
With the inclusion of tilts and focus in the wavefront error calculations, we are able
to achieve a wavefront RMS value better than 0.02 µm. After a stable correction is
achieved, the voltage values applied to the DM are saved into an XML file. This file
contains a 1D array of 52 numerical values, each corresponding to a single actuator on
the DM. The values of this array represent the voltage settings of the 52 actuators on
the DM that achieves the best wavefront correction. This set is considered a base state,
i.e. the midpoint of the axial imaging range to be used next.
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6.3.4 Shifting the confocal gate
The next stage is to modify the amplitude of a single Zernike polynomial, in this case
that of defocus is selected, to a different value. This causes the mirror to adjust its shape
to add defocus aberration in addition to its corrected state. With defocus added, the
closed loop is executed again to compensate for the possible increase in other aberrations
caused by manipulation of the focus. No other types of aberrations are directly added
in this way, so it can be assumed that the difference between the original base state and
the modified state is the addition of defocus only. Again, the modified state file is a 1D
array of 52 values, this time representing the position of every actuator on the DM to
form a state with modified focus. This modified state file is also saved alongside the
original base state file.
Given that the linearity of the DM is greater than 95% [148], the difference between
the base state and the modified state is a linear increase in defocus aberration. Custom
software programmed in LabVIEW dynamically interpolates a 2D array of intermediate
voltage values for every actuator using these two 1D arrays. The size of the 2D array is
R by 52, where R is the number of steps required. Each successive column in this 2D
array contains a complete set of 52 actuator voltage values, representing an incremental
shift in focus.
This 2D array can be expanded to any size and any range of focus, limited only by the
speed and stroke of the DM, respectively. A larger array may impact the rate at which
the DM actuates the commands. Increasing the size of the array (number of columns)
will adjust the number of incremental steps (R) between two user-defined limits. Shifting
the confocal gate by 40 µm in 50 steps covers a 2 mm range as determined experimentally
using a mirror as an object and finding the new focus position for the deformed state of
the DM.
Adjusting the limits of the array affects the magnitude of defocus aberration applied to
the DM, and in this way the AR can be adjusted dynamically while scanning to suit the
sample thickness. To produce a smooth focus sweep at a consistent rate, we typically
make these limits symmetrical, i.e. between -1 and 1 mm with the midpoint representing
zero defocus added. A visible effect on the image is a sweeping region of high intensity
through the depth range of the sample.
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6.3.5 Analysis of the confocal profile and signal strength during focus
sweep
It is important to determine how the confocal profile is affected as we shift the focus
through the sample. To test the imaging performance we set the DM to assume the base
state corrected configuration. During the measurement we set the AO to run in open
loop, i.e. the corrections are maintained without feedback from the WFS. In this mode
we may still directly manipulate the mirror to add defocus.
A mirror is mounted on a XYZ translation stage and placed as the object in the imaging
arm. We block the reference arm and use the confocal signal (with weak light emitted
from the SLD to avoid saturating the detector) to determine the confocal profile of the
system at this default state. The DM is then set to add different values of defocus in
increments of 1 µm RMS. For each new focus adjustment, the translation stage with the
mirror was moved around the focussed position and the strength of the confocal signal
was measured to construct the confocal gate profile.
Confocal profiles for three focus adjustments are shown in Fig. 6.2. From the graphs we
can ascertain two critical facts about the focus sweep. Firstly, it is clear that the image
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Figure 6.2: Chart showing how the confocal profile shifts in depth and changes shape
as we add 1 and 2 µm RMS focus.
Secondly, it is important to note that the width of the profile increases with defocus.
We start with a FWHM of 60 µm in the base state, which first spreads to a FWHM 70
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µm as defocus aberration is increased to 1 µm RMS, then spreads further to FWHM 80
µm with 2 µm RMS defocus. The defocus aberration can also be characterised in terms
of W20 as a value of 6.08125, 6.25625 and 6.51875 for the first, second and third profiles
respectively. The enlargement of the confocal profile and reduction of its maximum
with the defocus applied suggests deterioration of the correction. Naturally this would
decrease the depth resolution of the confocal microscope (the object arm), though this
is not a concern with OCT imaging.
The sensitivity decay with defocus is quantified for larger defocus values in Fig. 6.3.
In this case, for each defocus value applied by the DM, the object mirror was moved
back into focus using the translation stage and the strength of the confocal signal was
measured. There appears to be a sharp drop as the focus first moves from base state,
then recorded intensity decreases below 50% for ± 3 µm RMS defocus, reaching 10%
for ± 8 µm RMS defocus. The power profile is shown as symmetric around base state
when adding positive or negative focus.
The chart in Fig. 6.3 can be used to select a useful range to operate the DM where
the sensitivity loss can be tolerated for a given imaging object. This sensitivity loss is
a limitation of this technique, not observed with other methods of focus control such as
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Figure 6.3: Chart showing decay in signal intensity with added focus
From the data shown in Fig. 6.2, it is clear that applying 1 µm RMS defocus equates
to an axial shift of the focus by 250 µm, therefore a sweep between -2 µm RMS and 2
µm RMS would offer a 1 mm axial imaging range.
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6.3.6 Assessment of the transversal resolution
To test practical image resolution, an image is acquired of a USAF 1951 target, as shown
in Fig. 6.4. We know from the data shown in section 6.3.2 that for driving signals of
0.1 V amplitude applied to both scanners we achieve a scan area of 70 x 70 µm2 on
the sample. Given an image size of 250 x 250 pixels, it can be deduced that each pixel
covers 0.28 µm along horizontal and vertical directions.
Figure 6.4: High contrast confocal image of the USAF target showing the smallest
2 µm bars at the bottom. Two sets of three bars are shown oriented horizontally and
vertically. Image size is 250 x 250 pixels covering an actual area of 70 x 70 µm2 on the
target.
Fig. 6.4 shows an image of the USAF target where two sets of three bars (each ∼2
µm apart) are shown distributed both vertically and horizontally. Given the parameters
described above, we may analyze the distance between the bars in pixels to determine
the actual spacing in µm. Both the horizontal and vertical bars are shown to be 7 pixels
apart: 7 * 0.32 = 1.96 µm apart. This confirms our reported transversal resolution
values.
To determine how lateral resolution is affected when axially shifting the CG, the USAF
1951 resolution target is used as the object and images are acquired for different defocus
values. Initially we assume the base state with no defocus, and position the object such
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Figure 6.5: Effect of defocus on the image acquired from the USAF target, using the
same area as in Fig. 4. The original image (C) is repeated in (D) and placed alongside
images taken with -2 (A), -1 (B), 1 (E) and 2 (F) µm RMS focus added to the DM.
that the set containing the smallest bars (of 2 µm spacing) are within the centre of the
frame. Fig. 6.5 shows four additional images taken of the same region of the target,
with different levels of defocus applied to the DM. Each time defocus is applied to the
DM, the USAF target is manually moved axially back into focus before acquiring the
image. The distance between the bars in the images obtained with focus -1, focus 1
and focus 2 (focus moved at -250 µm, +250 µm and +500 µm respectively) are the
same as in the image at focus 0. There appears to be a loss in signal intensity in the
image acquired with focus -2 (-500 µm), which is not apparent in the others, but the
transversal resolution seems intact.
Some lateral drift is also identified, seen by the bars moving across the image as the
focus is changed. From 6.5C to 6.5B, the bars moved up by 7 pixels and from 6.5B
to 6.5A by further 7 pixels. The same, from 6.5D to 6.5E, the bars moved down by 7
pixels, and from 6.5E to 6.5F, by further 7 pixels. 7 pixels vertical shift means 2 µm,
i.e. comparable and larger than the transversal resolution. In terms of horizontal shift
of the image, from 6.5C to 6.5B there is a slight shift of 1 pixel, while from 6.5B to 6.5A
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of 7 pixels to the left. From 6.5D to 6.5E, there is a lateral shift to the right of 7 pixels
and from 6.5E to 6.5F an additional 7 pixels to the right.
The experiments reported in section 6.3.5 show that the variation of focus imprinted by
the DM when obtaining the images in Fig. 6.5 covers a 1 mm axial range. Using the
same process described above, the effect of applying larger defocus values to the DM is
evaluated by the resolution in the images acquired, shown in Fig. 6.6.
Figure 6.6: Images of the USAF target obtained using the DM deformed to create
3 µm (B) and 4 µm (C) RMS defocus, with the original 0 µm focus image (A) for
comparison.
In the image in Fig. 6.6B, the bars moved to the right by 24 pixels (top of the bar barely
visible), i.e. by 6.9 µm. In the image in 6.6C, the bars moved to the right by 28 pixels,
i.e. by 8 µm. In terms of vertical shift, the bars moved down in 6.6B by 21 pixels and in
6.6C by 28 pixels. On average, from images in Fig. 6.5 and 6.6, it can be inferred that
each 1 µm defocus shifts the image down and to the right by approximately 7 pixels and
each -1 µm defocus shifts the image up and to the left by approximately 7 pixels, i.e. 2
µm or a resolution interval.
In conclusion, RMS focus control via the DM in the configuration assembled has a
pronounced effect on the lateral drift. It is important to note here that the lateral
resolution as determined by the horizontal bars appears to remain unaffected, though
the vertical bars have become distorted and blurry. Practically, good signal is obtained
from the central part of the image only. We believe this is due to the fact that the
correction file was taken with the scanners in a zeroed position, meaning the corrections
are less valid for the periphery of the imaged area.
Some lateral shift is expected due to the off axis configuration, typical in AO systems
using DMs. This can be further reduced by increasing the focal length of the spherical
mirrors CM2 and CM3, with the obvious disadvantage of enlarging the size of the layout
and reduction in the axial range of focus change covered. Another factor is the imaging
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beam potentially being slightly off-axis to the USAF target. A combination of these two
factors may be responsible for the slight horizontal shift between image in Fig. 6.5B
and 6.5C. We noticed that by tilting the USAF target, the lateral shifts change. This
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Figure 6.7: RMS wavefront error as focus is manipulated. Total error: green region.
Error excluding focus: blue region. Error excluding tilts and focus: red region.
6.3.7 Effect upon wavefront when manipulating focus
In-depth analysis of the effect of focus manipulation on other aberrations was conducted.
WFS measurements are taken as the DM is set to varying levels of defocus. Fig. 6.7
shows the overall wavefront error as detected by the WFS, with focus varied between
-0.5 and 0.5 mm. It can be observed that tilt contributes significantly to the overall
wavefront error in comparison to the other aberrations. It can also be inferred from the
chart that the total wavefront error excluding defocus is 5 times less than the value with
defocus. This demonstrates that the contribution of defocus to wavefront error is much
greater than the aberrations that increase as a consequence of focus manipulation.
A breakdown of the first 8 aberrations is shown in Fig. 6.8, where it can be seen that all
these aberrations increase as defocus is applied in either direction. Defocus aberration is
plotted for reference (green), and appears linear as expected. The red and blue dashed
lines represent fluctuating tilt 0 and tilt 90 respectively, and seem to exhibit the highest
variance.
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Figure 6.8: Effect of focus manipulation on defocus aberration (green) and on seven
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Figure 6.9: Magnified view of WFS RMS error showing effect of focus on wavefront
excluding tilts and focus aberrations.
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Fig. 6.9 displays the RMS error for the data in Fig. 6.8, excluding the tilts and focus
aberrations. From this graph, it is seen that the effect of focus manipulation on these
aberrations is within a range between -0.1 to 0.07 µm RMS. It is possible that these
larger values at the extremities of the range are due to the limited dynamic range of the
DM used. If this is the case, these can be made smaller if a second wavefront corrector
is employed.
6.3.8 Test procedure
Measurements to test the procedure are conducted on a phantom target constructed
using 10 layers of borosilicate glass microscope slide covers, each of thickness between
0.16 to 0.19 mm. Each slide was bound using a single layer of thin clear tape. As
the clear tape is extremely thin, distances between the slides are not resolved and so,
11 interfaces should be distinguished only. As seen in Fig. 6.10, even after some tilt,
extra layers appear at the bottom and some layers in between the main interfaces, due
to multiple reflections between the slide facets. The total thickness of the sample is
approximately 2 mm.
During live imaging, a sequence of commands is sent to the DM in rapid succession, with
an optional time delay between each command. The magnitude of defocus aberration is
swept between the limits of ± 4 µm RMS using the DM (determining an axial range of
2 mm in depth). The procedure was tested with 50 steps of 40 µm each at a rate of 200
commands sent to the DM per second. Oversampling by using a high number of small
steps was found to produce smoother focus transition. Transversal size was maintained
at 1 mm and the refresh of the B-scan OCT imaging was 100 Hz.
6.4 Results
Fig. 6.10A and 6.10C show images acquired with the focus position at respective nega-
tive (-1 mm) and positive (+1 mm) extremes, while Fig. 6.10B shows an intermediate
unmodified state. While images are constantly being acquired we sweep the focus incre-
mentally through 50 steps from one limit to the other, recording a video of the results.
The final image in Fig. 6.10D is the Gabor image reconstructed using in-focus regions
of all frames acquired during this sweep cycle. Fig. 6.10D has mostly uniform contrast
throughout the range.
We can clearly see in Fig. 6.10A, 6.10B and 6.10C a horizontal stripe of high intensity
shifting vertically in the image as the commands are applied to the DM. Fig. 6.10A,
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Figure 6.10: Images acquired of a phantom constructed from ten 0.17 mm thick glass
slides (bound top and bottom with sellotape of similar thickness) with focus set to -4
(A), 0 (B) and 4 (C) covering a total range of 2 mm. Final image (D) is synthesized
through extraction of in-focus regions from a stack of images acquired with focus shifted
incrementally.
6.10B and 6.10C allow an approximate visual evaluation of the CG profile under AO
correction. The profile width in 6.10A looks similar to that in 6.10B, where according
to Fig. 6.2 the CG should exhibit a FWHM of 60 µm. The profile in 6.10C displays a
much wider width. This suggests that other aberrations are added by the intervening
layers, affecting the CG profile at + 4 µm RMS more than at - 4 µm RMS.
Considering the FWHM of the CG given by the minimum width of 60 µm and given
the axial range of 2 mm, a minimum value of 33 is obtained for the ratio R. We used an
experimental value of Rmax = 50 for oversampling.
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1103 x 1186
Figure 6.11: OCT B-scan images of an infra-red card, with focus set to -1.5 (A), 0
(B), and 1.5 (C) covering a range of 0.75 mm. The final image (D) is the composite
Gabor image.
The procedure was repeated using an infra-red card as the object, with the DM con-
figured to sweep ± 375 µm (total axial range of 0.75 mm). Fig. 6.11D is assembled
by stitching the in-focus regions of images acquired during the focus sweep (Fig. 6.11A
through 6.11C). It can be observed that the Gabor image in 6.11D exhibits the details
in both the superficial layers (shown in Fig. 6.11A), intermediate layers (Fig. 6.11B)
and deeper layers (Fig. 6.11C).
To verify that this procedure is suitable for in-vivo imaging of live samples we performed
the same experiment on a wild-type Drosophila larvae. Several larvae were chosen at
varying stages of development and secured using strong double-sided tape. All larvae are
highly active and move constantly, potentially compromising the integrity of acquired
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images. This time we reduce the focus sweep to ± 500 µm, covering a total axial range
of 1 mm. Total power to the sample was measured to be 2.3 mW, which is well within
safety range for a scanning beam at 1060 nm.
Figure 6.12: B-scan-OCT images of in-vivo Drosophila with focus at -1 (A), 0 (B),
and 1 (C) covering a total range of 1 mm axial range measured in air. Final image (D)
is synthesized through extraction of in-focus regions from a stack of images acquired
with focus shifted incrementally.
Raw images from a Drosophila larvae taken with the focus shifted at - 0.5 mm, 0 and
0.5 mm in air are presented in Fig. 6.12A, 6.12B and 6.12C respectively. Fig. 6.12D
shows the final Gabor filtered synthesized image, produced by compounding the regions
of maximum intensity in each image from a stack of images recorded during a full sweep
cycle.
Finally, the procedure was tested upon the thumb of a volunteer using an axial sweep
range of 1 mm. Fig. 6.13A shows an image taken with static focus in the base state.
The surface of the thumb is highly visible, as is the general position and structure of
two sweat ducts. The distinctive spiral structure of the sweat duct is well documented
in literature [167]. Fig. 6.13B shows the thumb with focus swept deeper into tissue; not
only have the sweat ducts become more clearly defined, but also the deeper structures
of the epidermis.
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Figure 6.13: In-vivo OCT B-scan images acquired of thumb with fixed focus (A) at
the surface and after Gabor splicing (B). Visible are the distinctive spiral structures of
the sweat ducts, and the deeper tissues are enhanced in (B) due to focus sweep. Image
size is 1 mm (horizontal) by 2 mm (vertical) measured in air.
To produce the synthesized images in Fig. 6.10D, 6.11D, 6.12D and in Fig. 6.13B,
ImageJ was used post-acquisition. Given the speed of the image acquisition and DM
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command rate it would be a simple evolutionary step to perform the splicing of cropped
images live.
Artifacts may form in the synthesized image should the sample move during acquisition,
which is a common problem in live imaging. One avenue of compensation is to increase
the rate at which commands are sent to the DM, either by adjusting the delay between
each command or simply reducing the number of incremental focus shifts to the minimum
required for sufficient sampling as determined by R.
6.5 Conclusions
The study demonstrates that fine control over the curvature of a DM can be employed to
perform Gabor splicing and yield better uniformity in terms of signal intensity through-
out depth in a SS-OCT configuration.
This technique presents a clear advantage over possible implementations of focus control
using a liquid crystal lens added to an AO configuration, as there exists potential to
perform the focus shift whilst maintaining closed loop corrections using the DM. Even
without updating the correction, the loss of signal up to half of its maximum can be
tolerated within a significant axial scanning range of more than 2 mm. In addition, we
would emphasize the benefit and sophistication of the DM as we are able to make several
hundreds of incremental high-precision focus adjustments every second.
6.6 Evaluation
However, a number of shortcomings should be considered in practice. In addition to
variation in sensitivity with defocus as shown in Fig. 6.3, there is a marked lateral
shift of the image, in both vertical and horizontal direction. This was quantified here
using confocal images of a USAF target, observing a lateral shift of approximately 2 µm
per each 1 µm defocus applied to the DM. Large images were used here, where such
lateral shifts could be ignored. Small size images however would require correction for
the lateral shifts.
The lateral shifts induced by deforming the DM were stable in time, however the de-
pendence of such shift to the object tilt prevents a universal compensation algorithm.
An individual case solution can be implemented by first tracking the lateral shift for a
given orientation and then correcting for the lateral shift by applying corresponding bias
values to the two transversal scanners. Knowing that 100 mV determines an image size
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of 70 µm, a 2 µm correction would require approximately 3 mV bias to each driver signal
applied to the two transversal scanners. This would have some limited applicability, as
individual layers with different inclinations inside the tissue will register different lateral
shifts.
In the case presented here, a single DM is used to compensate for all aberrations and
then used to manipulate defocus. Advanced designs may use multiple DMs to great
effect, for example one DM may exclusively control tilts to compensate lateral shift.
Alternatively, one DM could be set to continuously run closed loop correction (excluding
focus control) whilst the second DM shifts the focus. This would eliminate the procedure
of pre-processing the files for focus manipulation. Utilization of two deformable mirrors
may improve the correction of the wavefront when limited by the dynamic range of a
single corrector.
It can also be noticed by inspecting Fig. 6.10D, 6.11D, 6.12D and in Fig. 6.13B that the
CG stripe can be seen moving axially with defocus aberration in Fig. 6.10D, but less in
Fig. 6.11D and much less in Fig. 6.12D and Fig. 6.13B . This is a clear indication of
enlargement of the CG profile due to aberrations created by the intermediate interfaces
up to the depth of interest. Also, the variation of brightness amongst the sequence of
images versus focus is not as sharp as illustrated by the profile in Fig. 6.3. This is another
consequence of extra aberrations than those measured in Fig. 6.8 and 6.9; scattering
caused by intermediate micro interfaces and scattering centres in the Drosophila and the
thumb alter the shape and peak of the CG profile. This also shows that the correction
determined by the WFS based on the dominant signal collected from the surface of a
scattering sample is not so useful for imaging inside the volume of the sample.
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live en-face imaging at different
depths
7.1 Introduction
The previous work presented in chapter 6 demonstrated the capability of generating
cross-sectional images in-vivo using AO-SSOCT. Acquisition and processing of frames
occurs in real time, generating one B-scan in 100 ms. Traditionally, during SS-OCT
imaging a B-scan is constructed by performing a fast Fourier transform (FFT) for each
channelled spectrum as the beam is scanned across the object. For increased image
quality, several steps prior to the FFT must be performed, such as zero padding, spectral
shaping and re-sampling. With modern hardware, computers may perform each of these
functions quickly, however the limitation is that they must be performed sequentially.
Therefore, for every given B-scan, the total acquisition and processing time can increase
with additional operations. Swept sources often have an integrated clock, allowing for
re-sampling of the spectral data. This process requires additional hardware in the form
of a specialised digitiser, which is costly and may not provide perfect re-sampling.
This execution time is compounded when attempting construction of an en-face image.
To produce an en-face C-scan, a full 3D volume of data must be acquired and sliced
orthogonal to the imaging plane in post-processing. Given the large number of inten-
sive computational operations required to generate each image, the frame rate rarely
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approaches the acquisition rate of the optics. Any additional processing to enhance
the image quality will only exacerbate the problem, further reducing imaging frame
rate. Most algorithmic operations such as image segmentation, phase correction and
dispersion compensation must be post-processed.
It is beneficial for clinical use to retain the capability to produce live en-face images
[168]. Research has been conducted at the University of Kent to produce multiple en-
face images in real time using a graphics processing unit (GPU) to perform parallel
computations at a far greater rate than a central processing unit (CPU) is able. A tech-
nique called Master-Slave interferometry (MSI) replaces the FFT with cross-correlation,
removing the requirement for some preparatory steps such as re-sampling and dispersion
compensation [169][170][171].
In traditional Fourier domain OCT, B-scans are produced by sweeping the probing beam
across the same and acquiring a set of sequential longitudinal A-scans. Before the cross-
section may be reconstructed, an FFT must be performed on each channelled spectrum
acquired at different transversal positions of the probing beam. A single B-scan may


















where BFD is the cross-section produced in FD-OCT, An is a longitudinal reflectivity
profile at position n, and sn is the raw channelled spectrum acquired at transversal posi-
tion n. For each A-scan, all components q (points in depth) are obtained simultaneously
in the FFT operation. Though An(An1, An2, . . ., Anq) is half the length of the sampled
spectrum sn, in reality q is often increased using zero padding [172]. Given a set of
channelled spectra, it is theoretically possible to perform the FFT of s1 to sn for an
image of size n x q in parallel, generating the B-scan in the time taken to complete a
single FFT.
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where Bnq is a cross-section at transversal position n, and q denotes the axial position.
For each longitudinal scan, the modulation seen in the spectrum at each axial position is
the same. A transversal reflectivity profile (T-scan) may be assembled by reading along
the axial coordinate.
A new design utilising a master interferometer (MI) and slave interferometer (SI) oper-
ates similarly to a TD-OCT system whereby signal is only recorded from a single depth.
The imaging signal is acquired by the SI, which operates as a normal SS-OCT system.






Figure 7.1: Diagram showing master-slave interferometry configuration. Both in-
terferometers operate in Fourier domain, however the master interferometer acts as a
reference for axial selection as in TD-OCT. The electrical signal proportional to the
shape of the channelled spectrum from the slave interferometer is cross-correlated with
the electrical signal proportional to the shape of the channelled spectrum from the
master.
Fig 7.1 shows a system design for an MSI implementation. The MI in this case is a
simple Michaelson interferometer where both arms are terminated with mirrors. The SI
is typical of a Fourier domain imaging interferometer, with an object arm and a reference
arm. The channelled spectra output from each interferometer are cross-correlated. When
the two channelled spectra are perfectly matched, the amplitude of this cross-correlation
reaches its maximum. The translation stage in the MI may be shifted to change the
interrogation depth in the object, as in TD-OCT.
An alternative approach would be to use a single interferometer as both the MI and
the SI as shown in Fig 7.2. By replacing the object with a mirror, the SI may act as
the MI. A set of channelled spectra, called masks, may be recorded at a range of OPD
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Figure 7.2: Diagram showing alternate MSI configuration where a single interferom-
eter is used. The object can be replaced with a mirror to switch the system to master
mode for mask acquisition.
values and saved. The mirror may then be replaced with another object and the system
can operate as the SI. In this case, the channelled spectra output of the SI (acquired
live) may then be compared with the entire set of masks (pre-acquisition channelled
spectra). Again, the greater the similarity between the SI output and a given mask, the
greater the amplitude of the correlation result. Poor correlation will produce weak signal.
Since all masks are acquired pre-acquisition, given sufficient computational resources it
is possible to form an image at all depths (where each masks corresponds to a different






where m denotes the mask. These masks should be recorded for OPD values denser
than half the coherence length of the optical source. For comparison with the B-scan
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where p denotes the number of recorded masks. It can be seen from Eq. 7.4 that the
MSI method produces a 3D volumetric image, where each row represents a A-scan and
each column is a T-scan. The speed of the MSI method comes from the capability to
compute any value in this matrix independently. Given the capability to perform all
these operations in parallel, it is theoretically possible to generate the whole volume in
the time it takes to perform a single cross-correlation. In addition to the potential speed
increase for imaging at multiple depths simultaneously, this implementation of MSI has
also been shown to completely negate system-induced dispersion since this information
is present in both the mask and the channelled spectrum [173].
Presented in this chapter is the usage of the MSI method towards high-resolution en-face
eye imaging and multiple depths simultaneously.
7.2 Methodology
For experimentation, the implementation of MSI using a single system as both the
master and the slave was chosen. The reason for this decision was to lower the cost of
the system by eliminating the separate master interferometer, and also to exploit the
immunity to system-induced dispersion.
7.2.1 System design
The optical system design is the same as that seen in chapter 6. Fig. 7.3 shows a detailed
schematic of the optical system. There are two light sources used for this arrangement,
a 830 nm SLD for wavefront sensing and a 1060 nm SS for imaging. The SLD light
is launched into the system using a collimator and the beam propagates through the
interface optics to the object and is back reflected. Upon returning to BS1, 10% of the
light is diverted through a telescope formed of two identical lenses to be re-imaged on
the WFS. The remaining 90% of the light is returned to an APD, though this device is
not used in this experiment.
The imaging beam is split by BS2 into two arms, with 70% of light sent in transmission
through the reference arm to be coupled back to a 50/50 coupler. The remaining 30% of
light is reflected to the object arm, propagating through the same optics as the wavefront
sensing arm and being back scattered by the object for collection into the second branch
of the same 50/50 coupler. The outputs of the coupler are then connected to a balanced
photodetector, which outputs an RF signal to a digitiser board on the PC.
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Figure 7.3: Schematic of the AO/MSI-OCT system with imaging at 1060 nm and
wavefront sensing at 830 nm.
Prior to imaging, white paper was placed as the object in the focal plane of the objective
lens L2. The scanners remain stationary for the wavefront optimisation step. With
the 830 nm SLD source illuminating the object, the WFS is able to determine the
total wavefront error. The CASAO software interprets this data and operates a closed
feedback loop between the WFS and the DM until the wavefront is brought to a corrected
state. At this point, the SLD is switched off and the swept source is switched on.
Once the AO has been completed and the swept source has been switched on, a mirror
is placed as the object and the system operates as the MI. Custom software written
in LabVIEW is used to send a series of small movement commands to a motorised
translation stage (VPX-25) via RS232 link to a Newport stage controller. At each
position of the stage p, the software saves a mask to disk. The scanners are kept
stationary during this process, at a zeroed position. Once all masks have been acquired,
the stage is shifted back to its original position and the mirror in the object arm is
replaced with the sample to be imaged. The scanners may now be activated to raster
the imaging beam across the object.
For experimentation, the translation stage was moved a total of 100 times over a distance
of approximately 4 mm in the reference arm. Since the reference arm is in transmission,
the actual axial scan range in the object is 2 mm.
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7.2.2 Signal acquisition and processing
A different LabVIEW package is responsible for providing the triangular waveforms
that drive the scanners using a National Instruments data acquisition board (NI-DAQ
model 6110). The output of the photodetector is read by a fast digitiser (Alazartech
model ATS9350) and linearised using the clock output from the swept source. The
software communicates with a dedicated graphics card using a dynamic link library
(DLL) by NVidia. The data acquired from the digitiser is stored as a buffered stream
of information, which is piped to the graphics processing unit (GPU) of the card. The
GPU is capable of running many threads in parallel, allowing in this case for the live
simultaneous generation of 12 en-face images at different depths.
To form an image, a number of A-scans are acquired for different transversal positions
n of the imaging beam, in this case a value of n = 500 is used to build a B-scan. Each
longitudinal A-scan consists of 1472 points q. With a sweep rate of 10 µs, a B-scan
may be acquired in 5 ms. Time to transfer the data to the shared memory accessible by
both the CPU and the GPU must be considered. The LabVIEW and CUDA code were
written by other researchers in the AOG at Kent [174]. This is the first report of MS
applied to an AO-OCT system.
7.3 Results
In this section, results from several experiments are presented with a detailed description.
7.3.1 Elimination of fringes in images of specular targets
When imaging highly reflective specular targets, fringes may be observed. These fringes
appear as large black bars as shown in Fig. 7.4. Sub figures 7.4a, 7.4b and 7.4c show en-
face images of a USAF resolution target at three values of p corresponding to different
masks (OPD).
Fig. 7.5 shows that by averaging several consecutive images together, the fringes can be
eliminated. Since the target is specular, it can be assumed that the useful information is
at the same depth, on the surface of the USAF slide. By creating multiple en-face images
at varying OPD and averaging them, the image is made clearer through elimination of
the fringes.
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(a) p = 1 (b) p = 10 (c) p = 20
Figure 7.4: Images of USAF target at three values of p.
Figure 7.5: Averaged image over p = 1 to p = 20. Large horizontal black bars
indicating fringes have been eliminated.
7.3.2 Imaging the thumb at different depths simultaneously
The imaging modality was tested on a live biological tissue by imaging the thumb of a
volunteer. Presented in Fig. 7.6 are six en-face images of the thumb. Visible are the
grooves of the skin running predominantly vertically across the image. Fig. 7.6a is an
image acquired with p = 1 and shows the most superficial features of the thumb. Fig.
7.6b through 7.6f are images acquired from deeper layers in the thumb.
Visible from Fig. 7.6d to 7.6f are three circular structures running parallel with the
grooves of the thumb. These are sweat ducts, characterised by their distance spiral
structure in depth. These images are all generated simultaneously in real time, allowing
for instant sectioning of biological tissues in-vivo using MSI methods without any post-
processing.
Chapter 7. AO/SS-OCT Master/Slave interferometry for simultaneous live en-face
imaging at different depths 127
(a) p = 1 (b) p = 20 (c) p = 40
(d) p = 60 (e) p = 80 (f) p = 100
Figure 7.6: Images of the thumb acquired simultaneously using MSI with p = 1 to p
= 100.
(a) p = 25 (b) p = 32 (c) p = 45
Figure 7.7: Images of a sweat duct in the thumb at three values of p.
7.3.3 Sectioning of sweat duct in thumb
Having identified the spiral structures as sweat ducts, it is possible to scan the beam
over a smaller transversal range to isolate a single duct in the image. The amplitude to
the scanners is reduced until visualisation of the sweat duct is clear and centred in the
image.
Fig. 7.7 shows three en-face images selected from the acquired volume, demonstrating
axial sectioning of a single sweat duct. Fig. 7.7a shows an image of the region of the
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(a) Side view with fire LUT applied
(b) Tilted view in grey scale
(c) Tilted view with fire LUT applied
Figure 7.8: 3D volume images of the sweat duct in thumb at two orientations.
sweat duct closest to the surface of the thumb, and the spiral can be observed in the
images that section deeper into tissue (7.7b, 7.7c).
The view can be expanded slightly to encompass a larger transversal region, whilst
maintaining isolation of a single sweat duct. A volume may be saved and post-processed
to generate a 3D image. Fig. 7.8 shows three images acquired by reorienting the data
in the volume.
Fig. 7.8a shows a side-view of the 3D volume acquired around a sweat duct. A fire
lookup table (LUT) has been applied to increase visibility of the features. Running
horizontally across the top of the image is the surface of the thumb. The spiralling
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structure of the sweat duct can be seen descending from the surface of the thumb to the
centre-left of the image.
Fig. 7.8b shows a tilted view of the same volume. In this grey scale image, the surface
of the thumb can be clearly seen with the sweat duct descending from it. Again, for
clarity, this image is represented again in Fig. 7.8c using a fire LUT.
Figure 7.9: Cross-sectional image of the sweat duct in the thumb extracted from a
volume produced by MSI method. Fire LUT has been applied to increase clarity of the
image.
As in Fig. 7.7a to 7.7c, the view can be compressed close to the transversal limits of
the sweat duct. Using the same method as in Fig. 7.8, a volume can be created and
reoriented to show a cross-section. Fig. 7.9 is the result of this process, showing a close
view of the spiralling structure of the sweat duct.
7.3.4 Imaging the retina and photorecptors in-vivo
Finally, images were acquired of a volunteer’s retina in-vivo using the MSI method. A
chin bar was used to stabilise the head and the patient was asked to focus at infinity.
Tropicamine was administered to dilate the eye prior to imaging. Fig. 7.10 shows a
collection of three en-face images acquired from the retina in three different experiments.
Fig. 7.10a shows a close view of the area near the fovea. Running vertically down the
centre of the image is a blood vessel, though poorly defined. It is possible to determine
the general shape and distribution of photoreceptors in this image, though they appear
large due to defocus, and distorted due to motion.
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(a) Image showing zoomed-in view on pho-
torecptors
(b) Image showing broad view with photorecp-
tors highlighted
(c) Image showing large blood vessel with pho-
toreceptors visible
Figure 7.10: Images acquired from the retina in-vivo using MSI.
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Fig. 7.10b is a broader view of the retina. The motion artefacts are evident in this
image, identifiable by the wave-like regions of high and low intensity. This indicates
axial motion during the acquisition of the image. Circled in this image is a small region
that is in-focus, presenting a regular distribution of photoreceptors.
The final image is taken near a blood vessel. Fig. 7.10c presents a dark region indi-
cating a blood vessel interrupting the dense pattern of bright blobs. These blobs are
photoreceptors, which can be generally resolved in most regions of the image.
7.4 Conclusions
The method of MSI for live simultaneous imaging of stationary targets, including highly
reflective specular surfaces, is promising as presented by these results. The clarity of
images are improved through the averaging of several adjacent axial scans spaced a few
microns apart. This is a simple process and can be performed live without significant
computational cost. Given a stage and controller that can translate in small enough
increments, masks at sufficiently proximal axial increments (smaller than the axial reso-
lution) can be acquired. By using such masks, a novel despeckle method is demonstrated
here.
MSI is also a useful tool for depth sectioning of objects, such as the biological tissues
presented here. Live sectioning of organic samples could prove highly beneficial to
clinicians as they perform live optical biopsies of tissue in-vivo.
The marriage of MSI with AO/SS-OCT provides images with high transversal and axial
resolution. Further, the DM used for AO may be exploited to shift the focus within the
object during live imaging, similarly to the method presented in chapter 6. In this case,
a clinician would be able to use MSI to view en-face images acquired at multiple depths
simultaneously, and then use the DM to shift the focus to an axial region of interest.
Using a sufficiently powerful GPU, MSI is proven to be suitable for parallel programming.
Each mask may be correlated with the channelled spectrum to produce a T-scan in
parallel, rather than in sequence as in conventional OCT. This advantage increases with
the number of post-processing operations performed on each B-scan before the final
volume is assembled.
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7.5 Evaluation
The results show that the current implementation of the MSI method for eye imaging
is less convincing. Several problems were presented during this experimental work,
culminating in low-quality images. A key problem was the time required to assemble
and re-slice the volume for cross-sections. Conventional SS-OCT may provide B-scans
at greater than 50 Hz, however for MSI the B-scan must be extracted from a 3D data
set. This data set is only produced after the beam has been scanned transversally
across the object in two dimensions. This is a problem similar to TD-OCT whereby
the axial probing position may only be shifted after the scanners have completed their
movement to acquire a 2D en-face image. With MSI, though the depth information
is coded instantly in the modulation of the channelled spectra, a B-scan may only be
generated after the slow frame scanner completes its scan across the object. This may
be alleviated slightly by generating a B-scan from the first line scan only, though is a
strict limitation.
The overall effect of having a slow B-scan image display is the loss of guidance. The
clinician relies upon the information presented in the B-scan to guide the patient in
positioning and orienting their eye relative to the probing beam. In addition, the software
produces an audio signal from this B-scan that lowers in frequency as the eye reaches
zero OPD, indicating good positioning for imaging. This signal, used by the patient
to guide themselves, is subject to the same delay as the B-scan and can therefore be
misleading. Images of the photoreceptors appear out of focus and jagged due to the
difficulty in positioning and orienting the eye.
This effect compounds the problems present in in-vivo eye imaging with regards to
motion artefacts. Side views of retinal images show a wavy pattern, indicating varying
axial positioning of the eye even in the few milliseconds of acquisition time per frame.
Despite using a chin rest, the variance in movement was significant, resulting in a drastic
loss of image quality when compared with the detailed images acquired from the thumb.
This is a problem that may be resolved with a more sophisticated head-cage stabilisation
system, and an illuminated fixation target for the patient to focus upon. In addition,
generating a faster B-scan may make guidance easier, allowing for better positioning of
the eye. A fixation target, an OLED display with a remotely controllable illuminated
crosshair, was eventually used to aid this process. This provided great benefit in guiding
the volunteer to the correct position, however stabilisation was still an issue. Even
with fixation, the en-face images acquired were prone to ’tearing’ artefacts, caused by
movement of the eye during a volume acquisition.
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It must be noted here that the transversal resolution of this system is high (approxi-
mately 2 µm), and the field of view is low (maximum of 1 mm2). Much larger images of
the retina may be acquired with MSI using different interface optics that grant a wider
field of view. The motion artefacts in this case would have a far lesser negative effect on
the image quality as presented here. MSI has been used to effectively image the optic






Genetic and biological algorithms are a product of research into biologically-inspired
computation. This field of research is dedicated to computationally solving complex
problems with specifically tailored approaches [175][176][177]. In nature there are many
examples of biological organisms that have evolved, genetically or behaviourally, to
increase their chances of survival. Behavioural developments may cause individuals
within a larger system to function, either consciously or instinctively, in a way that is
most beneficial for the system as a collective [178]. From a set of individuals behaving
in a specific way, a greater behavioural system emerges [179][180].
The aim of this project is to perform optimisation of an optical system using a wavefront
corrector and a search algorithm. Optimisation is a complex process involving intelligent
design and fine control to minimise aberrations induced by optical components in the
system. Adaptive optics (AO) systems typically employ a wavefront sensor (WFS)
to detect aberrations, and a deformable mirror (DM) or other wavefront corrector to
compensate.
AO systems are complex to design. As detailed in Chapter 4, there are many factors
to consider when placing components in the system. The WFS must be placed in the
conjugate plane of the object, the DM and any galvoscanners. This requires that many
telescopes are used to resize and re-image the beam at these points. Since lenses may
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produce back reflections that confuse the measurement on the WFS, curved mirrors
must be employed in off-axis configurations, leading to increased aberrations.
Additionally, the nature of some objects may not allow for accurate wavefront measure-
ment and subsequent correction. Highly reflective objects such as mirrors may saturate
the WFS and destroy the measurement process.
This project is an attempt to simplify the optimisation process by eliminating the re-
quirement of the WFS and relaxing the rules governing the positioning of the DM. The
assumption is made that enough information is returned from the object to the photo-
detector to perform optimisation without a comprehensive measurement and analysis of
the wavefront. Without a real AO closed loop, the DM is treated simply as a dynamically
variable optical interface that affords some control over the wavefront. An important
advantage of a sensor-less method is that correction driven by sharpness should reach
a better correction, as this process does not depend on the balance of common and
uncommon paths in the interface optics.
All previous configurations suffered due to the aberration of uncommon paths (such as
the path from DS to BS2 and the PhD in Fig. 7.3), which is not corrected by the closed
loop. Additionally, this approach will enable wavefront correction using the imaging
beam itself as the sensing beam. This eliminates the possibility of disparity between
these beams if they are separate, as described in chapter 7.
The premise is made that if there exists a configuration of the DM that reduces aber-
rations to a minimum, then that state could be found experimentally using a search
algorithm. There are two suitable methods discussed below.
8.1.1 Particle Swarm Optimisation (PSO)
Particle Swarm Optimisation (PSO) is a method inspired by the movement of individuals
in bird flocks and fish schools [181][182]. Birds are known to adopt flying formations
that benefit the flock as a whole, with individuals periodically shifting positions to even
the strains of flying between them. Similarly, penguins huddle for warmth, and take
turns to face the freezing temperatures on the periphery of the group. Through the
simplistic actions of these individuals, the group gains benefits and a complex system is
developed.
It is upon these principles that PSO techniques are used to find solutions. Each indi-
vidual ’particle’ represents a potential solution for a given problem. The particles are
placed within a defined mathematical search-space, and the particles are free to move
around. A particle has two main properties, its position and velocity. Positions are
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randomised upon initialisation of the PSO algorithm. Each particle is assessed at ev-
ery iteration of the algorithm for their suitability. Each particle will remember its best
known position within the search space; that is, the value at which it best meets the
search criteria. Particles are also able to determine the best position achieved overall by
a particle within the swarm.
Once the assessment has been completed, particles are free to move a certain distance
in the next iteration. The movement of each particle is influenced by their individual
best-known position, and also by the best positions discovered by the swarm as a whole.
Every iteration, each particle updates its target position as the swarm discovers more
of the search-space. Particles that make minor changes in vector will move a greater
distance each iteration. Conversely, particles that are constantly changing direction will
move by smaller distances. An emergent effect is that particles accelerate towards better
positions, then slow down as they start to converge on the optimal positions.
8.1.2 Genetic Algorithm (GA)
Genetic algorithms are learning systems that attempt to ’brute force’ a solution by
exploring a search space. The general theory of survival of the fittest is what drives this
optimisation process. Solutions in the search space are rated based on their suitability to
solving a given task, and over time the best solutions ’breed’ to produce more possibilities
while the weaker solutions die out.
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Figure 8.1: Diagram showing structure of a GA, with generations progressing from
left to right.
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8.1.2.1 Genes and the gene pool
Within the context of genetic programming, a gene is the simplest and smallest element
in the structure. Each individual gene represents a piece of data or an instruction; its
complexity can vary from numerical values, to basic logic (AND, OR, NOT) even blocks
of high-level code. Genes are not intelligent, they are not able to make decisions or
interact with other genes directly [183].
The design of a gene within a genetic algorithm is highly dependant on the desired
effect of the overall system. A basic system may only require that genes store a piece
of data, such as a letter or number. More complex systems may wish to construct
evolving procedures, wherein each gene contains an instruction that modifies input data
to produce an output. These instructional genes act as black boxes - once data goes into
the gene, it cannot be affected by the parent systems until the gene produces an output.
A collective of genotypes is donated as the gene pool, and represents the resources
available to the genetic algorithm. Genotypes are templates for created genes, and
multiple genes may be created of the same genotype. As an analogy, for basic systems
it is helpful to consider each genotype as a letter, and the gene pool as an alphabet.
When running the genetic algorithm, the procedures are restricted to using genes from
this pool of genotypes only. Taking the English alphabet as an example gene pool, a
genetic algorithm will only be able to produce strings with letters A to Z.
More complex genetic algorithms contain genotypes that are best analogised to tools.
Each tool (genotype) performs a specific function, and acts individually without being
influenced by other tools. The gene pool in this case could be described as a toolbox,
wherein each tool inside is different. Tools may be taken out, used and then replaced.
8.1.2.2 Chromosome
Next up the hierarchy of a genetic algorithm is a chromosome, which is best described
as a sequence of genes. Simple chromosomes act as an ordered set of data; a word is
a precession of letters as a chromosome is a precession of genes. Chromosomes made
from complex instructional genes act more like a pipeline of instructions, with an input
and an output. When data is passed into the pipeline the algorithm loses control of the
intermediary steps until an output is produced.
Chromosomes are no more intelligent than the individual genes from which they are
comprised. Each chromosome is a series of data or instructions, and once created the
algorithm loses control and vision of its inner workings. Chromosomes are generated by
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creating genes at random (restricted by the genotypes available in the gene pool) and
linking them together in sequence.
Size of the chromosome is specified by the parameters of the algorithm, dictating how
many genes are required to construct a chromosome. Most commonly the genetic algo-
rithm will ensure that all chromosomes are created with equal size. It is possible to code
the algorithm to construct chromosomes of varying length, between two limits, however
this may dramatically impact the performance of the algorithm (for better or worse)
due to much larger chromosome diversity.
8.1.2.3 Individuals, populations and generations
An individual is a self-contained, complex, intelligent system that is comprised of one or
more chromosomes (depending on the design of the genetic algorithm). Individuals have
their own motives, priorities and environmental pressures as dictated by the parameters
of the genetic algorithm. The goal of the algorithm will determine the complexity of an
individual; often it is sufficient that an individual be comprised of just one chromosome.
In this case, the algorithm has been tightly defined: ’how well can we solve this specific
problem? ’. Individuals comprised of multiple chromosomes are more suited to issues of
larger scope: ’how can we navigate this maze? ’.
Regardless of the complexity, each individual represents a potential solution to a partic-
ular problem. Individuals are fully autonomous systems; they have a problem set by the
algorithm and are able to test their performance in attempting to solve this problem.
Individuals contain the functionality to assess themselves and breed with other individu-
als, should they survive. The assessment procedure gives the individual a ’fitness’ value;
this value determines how well they are able to solve the given problem.
A collection of individuals is called a population. As with the chromosome size, the
size of the population is usually kept static to offer greater control over the algorithm.
Increasing the size of a population will expand the pool of potential solutions, produc-
ing a two-fold effect. A larger population may produce more ’rolls of the dice’ when
generating individuals, potentially increasing the number (not the chance) of quality
individuals. This will, of course, also increase the number of poor solutions, however
the algorithm is designed to select only the strongest for reproduction. The problem
with a large population is the greatly increased time it takes to assess every individual,
slowing down the whole algorithm. A smaller population will take much less time to
assess, however progress will be made in smaller steps. A compromise must be made
between size and speed for the best performance.
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Consider that a population is a collection of individuals at a given time, called a gener-
ation. The first generation will contain individuals all created at the same time. When
they are assessed by the algorithm, individuals are given a fitness rating that determines
if they survived long enough to reproduce. The offspring, along with some of the fittest
individuals, will be brought forward into the next generation. Only individuals that
comprise the new generation will be assessed for fitness in the next iteration of the al-
gorithm. This evolution procedure continues so that the fittest individuals survive and
reproduce, while the weaker individuals do not.
8.1.2.4 Fitness
At every iteration of the algorithm, the whole population of individuals are assessed
for their ability to perform a task and are then given a fitness value. This value is
not a simple binary decision, i.e. ’was the individual successful?’. It is more like an
examination - there is a perfect score (100%), and a scale of success (0% to 100%). This
system allows the algorithm to compare the individuals with each other, sorting them
by ability. The determination of this fitness value is achieved through a fitness function,
and is the most critical part of the genetic algorithm.
Though the GA is often simply designed and will search for solutions autonomously, it
is not a trivial or lazy approach to programming. The successful operation of the GA
hinges completely on the quality of the fitness function. The programmer must have
intimate knowledge of the nature of the task being addressed. Fitness functions can
range from a simple measurement to a biased compound formula wherein all individual
elements are weighted differently by their importance to the overall result.
Gold standard
The fitness function provides an objective assessment of the performance level of an
individual. With the analogy of the examination, the fitness function is the process of
checking an individual’s responses to questions against an answer sheet. The answer
sheet in this case contains all the right information to obtain a perfect score. This is
what is known as a ’gold standard’. Gold standards are not a good way to form a fitness
function for a GA, as the solution must first be discovered through some other means
and then fed into the algorithm.
Using the previous analogy, this is equivalent to handing the student the answer sheet
during the examination. This may prove that the student has the capability to correct
their answers for a perfect score, however it does not allow the student to achieve the
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result on their own merit. It is, however, a good way to test that the GA functions
correctly if it can generate the same result.
The simplest fitness functions are those of basic measurement: ’How much power do I
have? ’. In these cases the GA may be designed to obtain as high power as possible, or
perhaps a power within two user-defined limits.
Though most GAs operate autonomously without any user input, this may not be pos-
sible with complex or subjective tasks: ’Have I perfectly segmented tissue from bone in
this CT image? ’. In these cases it may be beneficial if the algorithm is configured to
allow user input after every n number of generations. The algorithm could present the
results of the fittest solutions and an expert user could select the most accurate. This
could potentially override the decision of the fitness function, and guide the evolution
through expert user evaluation.
8.1.2.5 Creating a new generation
Once every individual in the population has been tested for fitness, the algorithm begins










Elite from previous 
generation
Children produced by 
crossover
Children produced by 
mutation
Figure 8.2: Diagram showing the composition of a generation. A portion of a created
generation will be the best performing individuals from the previous generation, with
the remaining slots filled by children produced during the reproduction cycle.
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Elitism
The best individuals of the current generation are transferred directly to the next
generation without change. This is done to ensure preservation of the fittest in-
dividuals between generations. Only a few elite individuals should be selected,
usually making up 5% of the new population
Once the elite individuals have been transferred over, the remainder of the new gen-
eration is populated by offspring of the current generation. Both methods involve the
selection of one or more parents, covered in section 8.1.2.6. When child is being pro-
duced, there is a chance it is created using either the crossover or mutation methods:
Crossover
It is most likely that a child is created using crossover. Crossover is the act of
selecting two or more parents and combining them to produce a child. Given
a good genetic diversity, crossover reproduction should develop varied offspring
that combine elements of their parents. Crossover breeding typically encourages a
steady increase in average fitness over the course of the GA
Mutation
There is a small chance that a child is created using the mutation method instead
of crossover. Mutation involves the selection of a single parent and then making a
small adjustment to its genetic composition. Mutation often changes the individual
in a radical way, causing a large change in fitness when compared with the original
version.
Mutation can be responsible for sharp increases of the maximum and minimum
fitness values in a generation. Since weak individuals will have a low chance of
breeding, there is an overall positive effect of strong mutants encouraging the GA
to expand the search space away from local maxima
8.1.2.6 Parent selection
Once the elite individuals of the current generation have been transferred to the new
generation, the remaining slots must be populated with individuals. All these individuals
are offspring of the current generation. The algorithm iteratively creates a child for every
remaining slot of the new population, until reaching the maximum specified population
size. Each time a child is created, a decision is made on the method of reproduction as
outlined in section 8.1.2.5. The reproduction method determines the number of parents
the child will have, and then the algorithm must select each parent.
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The purpose of this phase is to evaluate which individuals in the current generation are
fitter than others and have them breed to produce a new, stronger generation. Weaker
individuals will be prohibited from breeding, or given a low chance to breed. In cases
of multiple parents, one individual cannot be selected twice (i.e. to breed with itself),
however this does not prohibit a single individual from being selected again during the
























Figure 8.3: Diagram demonstrating local and global maxima in the search space for
a GA.
There are several ways of selecting parents for reproduction; it is not as straightforward
as choosing only the few strongest individuals. It is desirable to breed from a genetically
diverse set of parents, as the offspring of a strong and comparatively weak individual
may be stronger than the offspring of two similarly strong parents. If the parent diversity
is too small then the GA may get stuck on local maxima. Several techniques for parent
selection are described below.
Random selection
Selecting individuals completely at random without regard to their fitness is a chaotic
method that certainly encourages genetic diversity. Without any bias in the decision
making process, weak and strong individuals are equally likely to be selected as eligible
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for breeding. This is not usually an attractive choice for parent selection, however due
to its unbiased selection it can be beneficial as a secondary selection method. The GA
could be configured to use a more structured selection method for the majority of the
parent pool, and then fill the remaining slots at random to add some diversity, a ’wild
card’ element.
Random selection is the method used to create the first generation of individuals when
a GA is executed. It can also be used to save a GA from stagnation during execution.
If little progress is being made with regards to average population fitness, the GA can
be configured to produce lower than the normal amount of children during the next
reproduction phase. The remainder of the available positions for the new generation
are filled with randomly generated individuals, much like the initial starting population.
These individuals are injected into the GA to provide genetic diversity in an attempt to
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Figure 8.4: Diagram depicting the injection of random individuals into the next
generation to revitalise a stagnant GA.
Truncation selection
Truncation selection is almost as simple as random selection. Given a population of
individuals sorted in descending order by fitness, the truncation method simply pulls a
parent from a subset of the fittest individuals. The size of the subset can range from
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80% of the population down to 20%. Although breeding from the top 20% individuals






Also called the fitness proportionate selection method, roulette wheel is also a method
of selecting parents based upon fitness. This is a more sophisticated method than trun-
cation; the core idea is that every individual is eligible for breeding, though individuals
with higher fitness are more likely to be selected. Roulette wheel is a formulaic repre-
sentation of survival of the fittest, wherein the probability of survival (and reproduction)
increases with fitness.
All individuals are first sorted by their fitness, and then a sum of all these fitness values
is made. Selection chance for an individual is calculated through a fraction of individual
fitness over total population fitness. Equation 8.1 depicts the probability p of individual




This selection method can be represented visually with a pie chart, with a segment for
every individual in the population. The size of the segment is directly related to the
fitness of the individual in relation to the sum fitness of all individuals in the population.
There may be a case where only one individual has high fitness in the population. In this
instance, the selection chance of this individual will be very high, potentially producing
many children.
Rank selection
Rank selection is a variant of the roulette wheel selection described above. The chief
problem with roulette wheel is the case described where only a small number of individ-
uals in the population have a very high fitness. The effect would be a very high selection
chance for these few individuals, vastly limiting the genetic diversity of the individuals
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Figure 8.5: Diagram representing roulette wheel selection. Each individual has a
percentage chance to be selected for reproduction derived from its fitness as a fraction
of the average fitness of the generation.
This method is designed to counter this problem, whilst still giving increased selection
chance to fitter individuals. The first step remains the same: the population is sorted
by fitness. Once individuals are sorted by fitness, the algorithm assigns a sequentially
decreasing numerical rank to every individual in the sorted population. For a population
of 100 individuals, the fittest individual will be assigned a rank of 100 and the weakest






The roulette wheel is now created again, using the rank value instead of fitness. This
time, the segment for each individual is only slightly smaller than its fitter neighbour,
preserving the bias for fitter individuals without them dominating the selection wheel.
Equation 8.3 shows the calculation of an individual’s rank ranki as a simple fraction of
its rank ri over the sum of all ranks rsumi. For the example population of 100, a range
of the fittest to weakest individuals will have the following selection chance:







Table 8.1: Sample selection chances for rank based selection.
In this case, the weakest solution is 100 times less likely to be selected than the strongest
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Figure 8.6: Diagram demonstrating rank based selection. Similar to roulette wheel
selection, though selection chance is based upon individuals fitness rank in their gener-
ation rather than their actual fitness value.
Tournament selection
A different approach to the ranking methods is a combination of random selection and
elitism. Tournament selection involves the random selection of individuals from a popu-
lation and selection of the fittest. Binary tournament selection is the process of picking
two random individuals from the population and choosing the fittest. Both large and
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binary tournament selection can be repeated as necessary for each parent until the mat-
ing pool is filled. Increasing the size of the tournament will increase selection pressure;
individuals with lower fitness will have a smaller chance of being selected in larger tour-
naments.
8.1.2.7 Reproduction
As described in section 8.1.2.5 there are two ways of producing a new individual for
the next generation. Crossover has the highest chance of occurring and will involve
the selection of two or more parents for reproduction. Mutation is the alternative and
involves taking a single parent and modifying it in some small way to produce offspring.
This section explains both methods and their variants in detail.
Crossover (1-point)
A B C D E F G
1 2 3 4 5 6 7
Parent 1
Parent 2
Child 1 A B C 4 5 6 7
Child 2 1 2 3 D E F G
Figure 8.7: Diagram showing two parents undergoing crossover reproduction. The
red dashed line indicates a mutually shared crossover point. Genetic material up to
this point is extracted from parent 1 and added to the child. The genetic data after
the crossover point is extracted from parent 2 and added to the child. The result is a
child with shared genetic data from both parents; all chromosomes maintain the same
length. Child 2 is optionally used by some GAs, formed from the remaining segments.
Crossover is the process of taking chromosomes from both parents and combining them
to create new chromosomes. Depending on the complexity of the algorithm, individuals
may be constructed of multiple chromosomes or, more often, just a single chromosome.
In the case of multiple chromosomes, only equivalent chromosomes will crossover.
Recall from section 8.1.2.2 that a chromosome is a sequence of genes of (usually) fixed
length. Crossover involves random selection of a crossover point and cutting the chro-
mosome into two parts. Fig 8.7 represents crossover production of a child from two
parents, where the chromosome length is constant. This method can be used to produce
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a single child if the remaining segments are discarded, or a second child can be formed
using these segments.
A B C D E F G
1 2 3 4 5 6 7
Parent 1
Parent 2
A BChild 1 5 6 7
Child 2 C D E F G1 2 3 4
Figure 8.8: Diagram showing two parents undergoing crossover reproduction. The red
arrows show randomly determined crossover points for both parents. Genetic material
up to this point is extracted from parent 1 and added to the child. The genetic data
after the crossover point is extracted from parent 2 and added to the child. The result
is a child with shared genetic data from both parents; in this case both children have
variable length chromosomes.
If the algorithm is not concerned with preserving chromosome length, the crossover
procedure can be modified slightly. Fig 8.8 shows two parents each having a randomly
determined crossoverpoint. Both chromosomes are cut at the crossover points and a child
is assembled. In this case, the child chromosome is over 5 genes long compared with
the parents chromosome of 7 genes. Again, a second child can optionally be constructed
from the remaining segments, in this case child 2’s chromosome is 9 genes long.
Crossover (Multi-point)
A different approach is to perform crossover reproduction with multiple points of crossover.
In this case each chromosome is cut multiple times and the child assembled from a com-
bination of cut segments.
2-point crossover reproduction is shown in Fig 8.9 with constant chromosome length,
and in Fig 8.10 with variable chromosome length. In both cases, the second child can
be optionally used each time to add a second individual to the next population. For
ease of use it is more common to discard the second child so that the parent selection
procedure is performed more often to fill the new generation.
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A B C D E F G
1 2 3 4 5 6 7
Parent 1
Parent 2
Child 1 A B 3 4 5 F G
Child 2 1 2 C D E 6 7
Figure 8.9: Diagram showing two parents undergoing crossover reproduction. The
red dashed lines indicate mutually shared crossover points. Genetic material up to the
first crossover point is extracted from parent 1 and added to the child. The genetic
data after the first crossover point is extracted from parent 2 and added to the child.
Finally, the data after the second crossover point is taken from parent 1 to add to the
child. Chromosome length here is preserved. Child 2 is optionally used.
A B C D E F G




Child 2 71 C D 6
2 3 4 5 E F G
Figure 8.10: Diagram showing two parents undergoing crossover reproduction. The
red arrows indicate random crossover points. Chromosome length here is variable.
Child 2 is optionally used.
Crossover (Uniform)
An alternative crossover method is presented in Fig 8.11. Instead of cutting parent chro-
mosomes at randomly determined positions, the child is instead formed by determining
crossover points for every gene. For a p = 0.5 uniform crossover, every gene in the child
has a 50% chance to be taken from either parent at the same point in the sequence.
This method achieves almost equal contribution of genetic material from both parents
to the children.
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A B C D E F G
1 2 3 4 5 6 7
Parent 1
Parent 2
Child 1 A 2 C D 5 F G
Child 2 1 B 3 4 E 6 7
Figure 8.11: Diagram showing uniform crossover with p = 0.5. Each gene has a 50%
chance of being taken from either parent. Child 2 is optionally used.
A B C D E F G
1 2 3 4 5 6 7
Parent 1
Parent 2
Child 1 A 2 C 4 E 6 G
Child 2 1 B 3 D 5 F 7
Figure 8.12: Diagram showing uniform crossover with p = 1. This guarantees that
crossover occurs after every gene, ensuring an equal contribute to the child by both par-
ents. Child is formed by taking every second gene from both parents and interweaving
them together. Child 2 is optionally used.
The method can be forced to generate a child by interweaving genetic material from
both parents by setting p = 1 as in Fig 8.12, guaranteeing alternating gene selection.
This is slightly limited as it introduces too much selection bias, but it can have uses for
certain algorithms.
Mutation (change)
If the algorithm determines that the child is not to be produced by crossover, it is
produced by mutation instead. Mutation involves copying the chromosome(s) from a
parent and making a slight modification. 1-point mutation involves making a single gene
modification to the parent chromosome(s) to produce a child. Multi-point mutation may
involve several of these modifications. There are three methods of mutation, the most
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common being change. This involves randomly selecting a gene in the chromosome and
swapping it with another from the gene pool, as seen in Fig 8.13.
A B C D E F G
A B F D E F G
Parent
Child
Figure 8.13: Diagram showing 1-point mutation, resulting in a single gene being
swapped for another in the gene pool. Chromosome length is preserved.
A B C D E F G
A B F D E F A
Parent
Child
Figure 8.14: Diagram showing 1-point mutation, resulting in two genes being swapped
for another in the gene pool. Chromosome length is preserved.
Fig 8.14 shows mutation occurring at 2 randomly selected gene positions in the chromo-
some.
Mutation (destroy)
Mutation can also cause the destruction of a gene in the parent chromosome to produce
a new, shorter child chromosome. This method should not be used as the main form
of mutation (if at all), as it may adversely affect the individual’s capability to solve the
problem. Destroy can be useful if implemented properly, particularly in the case where
genes are functions. An example would be a chromosome designed to perform image
processing, comprised of genes that modify the image in some way. Destroying one or
more genes in the sequence would reduce the number of operations that modify the
image. In some cases the reduction of operations can prevent corruption of the input
image, improving the output quality of the chromosome.
Since this form of mutation removes genes from the chromosome, it is generally unsuit-
able for algorithms that handle data. Many data-driven GAs require that the output
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data length matches that of the input data, in which case this method is not suitable
and change may be better utilised.
A B C D E F G
A B D E F G
Parent
Child
Figure 8.15: Diagram showing 1-point mutation, resulting in a single gene being
destroyed. Chromosome length is shortened.
A B C D E F G
A B D E F
Parent
Child
Figure 8.16: Diagram showing 2-point mutation, resulting in two genes being de-
stroyed. Chromosome length is shortened.
Examples of 1-point (Fig 8.15) and 2-point (Fig 8.16)destructive mutations are shown.
The child chromosome length is always less than that of the parents. When implementing
an algorithm with the potential for destructive mutation, there exists a chance that
some chromosomes become very short. This can severely limit the potential of the
chromosome, often resulting in its removal from the population during the reproduction
phase. This can be moderated with the create mutation method.
Mutation (create)
In addition to destroying genes, mutation can cause the insertion of new genes into the
chromosome. In this case, an insertion point is randomly determined for each mutation
and then a gene is selected randomly from the gene pool and placed at this point in the
chromosome.
Fig 8.17 shows a single gene being inserted into the child chromosome, lengthening it.
An example of multi-point creation is also shown in Fig 8.18. Predictably, the effect of
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A B C D E F G
A B C D B E F
Parent
Child G
Figure 8.17: Diagram showing 1-point mutation, resulting in a single gene B being
created and placed between D and E. Chromosome is lengthened.
A B C D E F G
A B F C D A E
Parent
Child F G
Figure 8.18: Diagram showing 2-point mutation, resulting in two genes F and A being
created. Chromosome is lengthened.
this method is the opposite of destructive mutation. The child chromosome is lengthened
and becomes more complex.
A combination of destructive and creative mutation can be used as a variation of the
standard change mutation. The benefit of using this combination is that the GA may
preserve chromosome length, and it also performs some gene ’shuﬄing’, modifying the
sequence slightly.
8.1.2.8 Iteration and evolution
At the end of a generation the GA completes the reproduction phase and creates a
new population that forms the next generation of individuals to be tested. The new
generation is fed into the start of the GA and the whole process is performed again. At
each iteration of the GA, a new population is created during the reproduction phase
and used as a starting point for the next generation of testing.
The general processes of a GA are summarised in Fig 8.19. Fig 8.20 shows pseudocode
for a basic genetic algorithm. What follows is a basic description of the steps involved
in programming a GA, with reference to lines in the pseudocode.














Figure 8.19: Diagram summarising the processes of a GA.
Starting parameters (lines 5 to 9)
• popSize determines the maximum number of individuals that may be created
per generation. In this case, popSize is kept constant throughout the runtime
of the GA
• maxGens is a user defined cap on the number of iterations that the GA will
run for. The GA will run a number of iterations equal to this value and then
terminate, if no other termination criteria are met before this time
• mutationChance is a percentage chance of a child being created through mu-
tation rather than crossover. In this case, the mutation chance has been set
low at 5%
• numElite specifies the number of fittest individuals to be preserved into the
next generation at the end of every iteration. In this case, once the population
has been sorted by fitness, the top 10 individuals will be placed directly into
the new population without modification
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5 popSize = 1000 ;
6 maxGens = 50 ;
7 mutationChance = 5 ;
8 numElite = 10 ;
9 cLength = 10 ;
10 −−−−−−−−−−−−−−−−−−−−−−−
11 P laceho lde r s
12 −−−−−−−−−−−−−−−−−−−−−−−
13 pop = ze ro s ( cLength , popSize ) ;
14 newPop = ze ro s ( cLength , popSize ) ;
15 popFitness = ze ro s (1 , popSize ) ;
16 i nd i v i dua l = ze ro s ( cLength , 1 ) ;
17 −−−−−−−−−−−−−−−−−−−−−−−
18 Generate s t a r t i n g populat ion
19 −−−−−−−−−−−−−−−−−−−−−−−
20 f o r i = 1 : popSize
21 f o r j = 1 : cLength




26 Step 2 : Evolut ion
27 ==============================================================================
28 f o r gene ra t i on = 1 : maxGens
29 −−−−−−−−−−−−−−−−−−−−−−−
30 Check terminat ion c r i t e r i a
31 −−−−−−−−−−−−−−−−−−−−−−−




36 Test populat ion f i t n e s s
37 −−−−−−−−−−−−−−−−−−−−−−−
38 f o r i = 1 : popSize
39 i nd i v i dua l = pop ( : , i ) ;
40 f i t n e s s = t e s tF i t n e s s ( i nd i v i dua l ) ;
41 popFitness ( : , i ) = f i t n e s s ;
42 end
43 −−−−−−−−−−−−−−−−−−−−−−−
44 Sort populat ion by f i t n e s s
45 −−−−−−−−−−−−−−−−−−−−−−−
46 [ s o r t edF i tne s s , indexes ] = so r t ( popFitness , 2 ) ;
47 sortedPop = pop ( : , indexes ) ;
48 −−−−−−−−−−−−−−−−−−−−−−−
49 S e l e c t e l i t e i n d i v i d u a l s and promote to next gene ra t i on
50 −−−−−−−−−−−−−−−−−−−−−−−
51 f o r i = 1 : numElite
52 newPop ( : , i ) = sortedPop ( : , i ) ;
53 end
54 −−−−−−−−−−−−−−−−−−−−−−−
55 Generate ch i l d r en and p lace in next gene ra t i on
56 −−−−−−−−−−−−−−−−−−−−−−−
57 f o r i = 1 : ( popSize − numElite )
58 parent1 = randomParent ( ) ;
59 i f randi (100 , 1) <= mutationChance
60 mutatePoint = randi ( cLength ) ;
61 ch i l d = mutate ( parent1 ) ;
62 e l s e
63 parent2 = randomParent ( ) ;
64 crossOverPoint = randi ( cLength ) ;
65 ch i l d = [ parent1 (1 : crossOverPoint ) ;
66 parent2 ( crossOverPoint + 1 : cLength ) ] ;
67 end
68 newPop ( : , i + numElite ) = ch i l d ;
69 end
70
71 pop = newPop ;
72 end
Figure 8.20: Pseudocode for genetic algorithm
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• cLength determines the chromosome length. For this algorithm, every chro-
mosome will be created with 10 genes
Placeholders (lines 13 to 16)
• pop, newPop are both initialised here as 2D arrays of dimension (10, 1000).
pop will store the current population from which each iteration of the GA
starts. newPop will be filled with both elite and child individuals during the
reproduction phase
• popFitness is a 1D array that will contain a single fitness value for every
individual in the population. During the fitness testing phase, this indexed
array will be filled with the fitness value of the individual at the corresponding
index in the pop array
• individual is also a 1D array, and will be used to contain an individual (con-
sisting of cLength number of genes)
Generation of starting population (lines 20 to 24)
There are two loops in this section of code. The outer loop runs from 1 to popSize
(1000) and is responsible for creating an individual for each cell in the pop array.
The inner loop runs from 1 to cLength (10) and, for each new individual in pop,
will create a sequence of cLength genes using the randomGene function
Evolution loop (lines 26 to 72)
This is the main loop of the GA, and runs from 1 to maxGens (50) unless otherwise
interrupted by the termination criteria. Details of the contents of the loop follow.
Termination criteria check (lines 32 to 34)
There is only one termination criteria for this GA. When the current generation
is equal to maxGens, the loop ends and the GA is complete. Usually there are
several termination criteria, such as a time limit or when sufficient fitness has been
reached
Fitness testing phase (lines 38 to 47)
This loop iterates over the entire population. For each i an individual is selected
from the pop array and the testFitness function determines the individual’s fitness.
This value is then stored at position i in the popFitness array. The popFitness
array is used to reorder data in the pop array using matching index (i) values.
This has the effect of sorting individuals in pop by fitness value
Reproduction phase (lines 51 to 71)
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• Elite promotion
Before reproduction commences, the top numElite fittest individuals are
placed directly into newPop.
• Parent1 selection
Reproduction is performed by creating a single new individual for each re-
maining slot (popSize - numElite) in newPop. Regardless of the method of
reproduction, at least one parent is needed. parent1 is selected by the function
randomParent. The selection method itself is not described here, however it
may take the form of roulette wheel or rank selection as described in section
8.1.2.6
• Determination of reproduction method
A random integer between 1 and 100 is generated by the algorithm. If this
number is less than or equal to mutationChance then the child will be pro-
duced by mutation. With parent1 already selected, another random number
between 1 and cLength is selected to determine the mutatePoint. With the
gene selected, the child is created by copying parent1 and mutating the gene
at mutatePoint using the mutate function (not shown)
If the criteria fails the mutation check then the child will be produced via
crossover. A second parent, parent2, is selected using the randomParent func-
tion. As above, a number between 1 and cLength is generated to determine
the crossOverPoint. The child is then created using 1-point crossover at this
point
Once created, either by mutation or crossover, the child is placed into newPop
and the loop continues
Iteration (line 71)
This final line replaces pop with newPop, effectively discarding the old population
for the new generation of individuals to be tested by the next iteration of the GA.
It may be beneficial instead to store pop in a matrix (ordered by generation) to
preserve the history of the GA
8.1.2.9 Termination of the GA
GAs need to eventually terminate and present a final ’fittest’ solution. The termination
of a GA is a delicate balancing act and is usually governed by several parameters. The
GA could terminate if one of the following criteria are achieved:
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• The algorithm has reached the maximum number of generations as specified by
the GA parameters
• The algorithm has found a perfect solution as determined by the fitness function
• The evolution has stagnated: average fitness of individuals in the population has
not increased for the threshold number of generations specified in the GA param-
eters.
• The running time of the algorithm has exceeded the limit specified in the GA
parameters
The procedure of the GA searching for a result is called convergence. The most desirable
termination case is when the GA converges on the global maxima of the search space and
is unable to find a better result. There are several indications that a GA has performed
poorly:
Fast convergence
The GA converges very quickly on a solution and terminates early. It is likely
in this case that the GA has reached a local maxima and the configuration of
the algorithm prevents searches outside this space. This can happen when the
population size is too small or the reproduction parameters are too restrictive
Slow convergence
The opposite scenario of fast convergence is when the GA terminates (due to
timeout or by reaching the maximum number of generations) while progress is
still being made. If there is still an obvious trend of increasing fitness as the
algorithm terminates, either the termination criteria could be adjusted or it could
mean the reproduction system is not aggressive enough in weeding out weaker
individuals
Fluctuating average and best fitness values
An observant user may watch the GA reports and discover the average and best
fitness values for each generation are not trending upwards. Though it is expected
that these values may plateau occasionally, they should not ever decrease. If the
values dip then this could indicate that there is a problem in the selection or
reproduction system. Specifically, the elite individuals are not being preserved
perfectly between generations
Stagnation
GAs may experience periods of slow growth where fitter solutions are not being
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found for several successive generations. This should not occur too often - if the
algorithm is seen to chart average fitness over time as a sequence of plateaus punc-
tuated with sharp increases, this is a problem.
This behaviour would suggest that the starting population was poor, and the al-
gorithm is having difficulties in finding direction through standard reproduction
techniques and may be relying heavily (or solely) on mutation to produce children,
which would explain the occasional sharp increase in fitness. It would be best to
alter the selection and breeding parameters in this case, or cull the population and
inject fresh randomised individuals to replace them
After every generation the GA may present a report. The most important factors to the
running of a GA are contained within this report. This information is used internally
by the algorithm to evaluate the stopping criteria presented in section 8.1.2.9.
• Fitness value of fittest solution
• Fittest solution result (e.g. image, measurement . . . )
• Fitness value of weakest solution
• Average fitness of population this generation
• Difference of average fitness from previous generation (value and percent)
• Number of mutations
8.2 Methodology
8.2.1 Overview
For this experiment a DM with 52 actuators is used. The DM will accept a range of
decimal voltage values between ± 1 V. A genetic algorithm will be required to send a
set of 1D arrays containing 52 values to the DM in sequence. Each cell of the 1D array
represents the voltage sent to a single actuator, and will contain a valid value between
-1 and 1. The optical configuration itself is the same as that described in section 5.2.2.
For this experiment the WFS is not utilised to detect optical aberrations.







































Figure 8.21: Diagram showing an AO/SLO system without the WFS.
An AO system equipped with a 840 nm broadband SLD confocal arm is used for this
experiment. Fig. 8.21 shows the optical setup used; note the removal of the WFS
when compared with Fig. 5.4. During the execution of the GA the XY galvoscanners
remain static and in a zeroed position. The object in this case is a mirror for maximum
reflectance. Being a specular target, the mirror also proves to be a trickier target than a
scattering surface as any slight variation can cause all rays returning from the object to
miss the injection fibre. Returned light is measured using an APD with peak sensitivity
at 840 nm.
All software is written in LabVIEW to enable real time processing. The software ini-
tialises with a population of randomly constructed individuals and then begins the test-
ing sequence.
8.2.3 GA structure
This section will describe the process of fitting DM manipulation and wavefront opti-
misation to the architecture of a GA. The introductory section on GAs (section 8.1.2)
decomposed the premise of a GA into a simple hierarchical structure as shown in Fig.
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8.1. What follows is a detailed correlation of the wavefront optimisation method to the
basic GA structure.
8.2.3.1 Genes and the gene pool
In the context of wavefront manipulation using a DM, a gene will be the voltage setting
for an individual actuator. Logically, the gene pool will therefore be the range of voltage
values that are accepted by the DM. The specifications of the DM are described in
Appendix A. Tab. A.1 shows that the actuator output voltage is in the range ± 1 V for
each of the 52 channels. This range of values will be the effective gene pool for the GA;
a gene may only take a value within this range. The GA will operate with genes that
are numerical values between -1 and 1, which should limit the complexity of the system.
8.2.3.2 Chromosome
The next step in the hierarchy is the chromosome. Since a gene represents the voltage
value of a single actuator, the chromosome therefore exists as a set of voltages. The
Mirao-52e DM contains 52 actuators which will determine chromosome length. The DM
will accept a 1D array of 52 numerical values provided they are within the acceptable
voltage range. Tab. A.3 shows the layout of the actuators in the Mirao-52e, and indicates
the positions of the actuators corresponding to indexes in the 1D array of 52 values. The
central four actuators are governed by the values at indexes 22, 23, 30 and 31 in the 1D
array, for example.
This GA does not require that an individual has more than one chromosome. One
individual will contain one chromosome, which is comprised of 52 voltage values to
configure the shape of the DM.
Send command 5 ms rise time
10 ms settling 
time
3 x 10 ms
measurement
Fitness = 
average of 3 
measurements
Cost of fitness function
Figure 8.22: Diagram showing the workflow of a fitness measurement for a single
individual.
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8.2.4 Fitness function
The fitness function chosen in this case is of the simplest form: magnitude of power
received by the photo-detector. There are many complex ways to judge the suitability
of a given DM configuration with regards to wavefront correction, however it can be
assumed that better corrections always have the effect of increasing detected signal from
the object. The GA itself will be blind to the particulars of the optical system and
the state of the wavefront. Instead, a simple metric of output voltage from the photo-
detector will be used as a basis for comparison of individuals. The APD chosen for this
experiment saturates at a maximum output of -10 V. The output power of the SLD will
need to be moderated such that the APD does not reach saturation during the evolution
of the GA algorithm.
Tab. A.1 shows that the rise time is ≤ 5 ms for a single actuator with a voltage step of
0.3 V. There is also a settling time of approximately 10 ms, though this varies with step
voltage magnitude. Measurements of the photo-detector should therefore be taken at no
more than intervals of 15 ms. Each individual measurement will acquire voltage from
the detector for 10 ms, with the peak value being retained. This will be performed three
times per individual and the average of the peak values taken. Given the parameters
specified above, it can be calculated that a fitness measurement will take approximately
45 ms. For a population of 100 individuals, fitness testing will take 4.5 seconds. The
cost of the fitness function is shown diagrammatically in Fig 8.22.
8.2.5 Reproduction
Rank selection (as described in section 8.1.2.6) is chosen as the parent selection method
for reproduction.
Fig 8.23 shows a prediction of the composition of a new population after reproduction.
After fitness testing is complete, the top 5% of individuals will be copied without vari-
ation into the next generation. The remaining 95% of available slots will be filled with
children produced using rank selection. Most children will be produced using 1-point
crossover with two parents. Approximately 10% of the new generation are children pro-
duced via the 1-point mutation method, whereby a single parent is selected and one
gene is changed.
Since chromosome length must be preserved, the only mutation method used will be
change and crossover will maintain a maximum length of 52. Since there is great vari-
ability in the genetic composition of each individual, it is likely that most randomised
solutions will be ineffective at configuring the mirror into a shape that returns any light
















Figure 8.23: Diagram showing population composition prediction of new generation
after reproduction phase. Presented is the composition of a standard population (left)
and a population with injection of random individuals (right).
at all to fibre. Though these solutions will be bred out of the population over time, it is
helpful to apply some bias to the selection method for reproduction to aid the starting
speed of the GA. The bias will restrict parent selection to the top 80% fittest solutions of
the latest generation. Rank based selection will choose individuals from this shortened
list of individuals rather than the total population. The desired effect is a great increase
in convergence speed without suffering a loss in genetic variation.
8.2.6 Calibration
The effectiveness of the GA can vary drastically with manipulation of the input param-
eters and the implementation of reproduction. This project will test several configura-
tions of the GA to determine the most effective parameters. Described below are the
experiments performed to test the effect of individual parameters on the overall GA
performance.
8.2.6.1 Population size
The first test will determine the effect of population size on the overall speed of the
GA. Three values will be used for this test: populations consisting of 1000, 500 and 250
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individuals. All other values, excepting those that are calculated from population size,
will remain the same. The algorithm will run until 10 generations have been created
and the total elapsed time will be recorded.
Initialisation Population size 50 / 100 / 200 / 250 / 500
Chromosome length 52
Gene pool -1 to 1




Elite size 3 / 5 / 10 / 13 / 25
Termination Fitness threshold 10 (saturation)
Maximum generations 100
Maximum runtime NA
Table 8.2: Table showing the parameters of the GA while testing the effect of popu-
lation size on execution speed of the algorithm.
8.2.6.2 Crossover/mutation chance
The effect of varying the percentage chance that a child is produced using the crossover
or mutation method is tested next.
Initialisation Population size 100
Chromosome length 52
Gene pool -1 to 1
Reproduction Parent selection Rank selection
Crossover method 1-point
Crossover chance 50 / 60 / 70 / 80 / 90 %
Mutation method 1-point
Elite size 5
Termination Fitness threshold 10 (saturation)
Maximum generations 100
Maximum runtime NA
Table 8.3: Table showing the parameters of the GA while testing the effect of crossover
and mutation probability.
8.2.6.3 Injection frequency
For those experiments that use a periodic injection of random individuals, it must be
tested whether high frequency of injections are destructive and if low frequency of in-
jections are ineffective. Tab. 8.4 shows a range of frequencies, in generations, that will
be tested.
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Initialisation Population size 100
Chromosome length 52
Gene pool -1 to 1
Reproduction Parent selection Rank selection
Crossover method 1-point




Injection frequency 5 / 10 / 15 / 20 / 25
Termination Fitness threshold 10 (saturation)
Maximum generations 100
Maximum runtime NA
Table 8.4: Table showing the parameters of the GA while testing the effect of injection
frequency.
8.2.7 Monitoring
Progress of the GA can be monitored through two files that will be created and updated
during execution. Data recorded in each of the two logs are presented in the tables
below.
Population log Timestamp Exact time of occurrence
Generation Specifies the generation of the
individual
Individual Unique identifier for individ-
ual in generation
Actuator 1-52 Voltage values of each actua-
tor
Fitness Measured fitness value
Result Boolean stating if command
was accepted by the DM
Generation log Generation Specifies the generation
Peak fitness Measured fitness value of
fittest individual
Average fitness Measured average fitness
value of generation
Table 8.5: This table describes the content of the two output logs. Population log is
a comprehensive report of the creation and testing of every individual throughout the
life cycle of the GA. Generation log records a single line for each generation, detailing
the fittest individual and average fitness for that generation.
Population log will record every individual generation for every generation, along with
their associated fitness value. For ease of reporting, generation log will simply record
one entry for every generation containing the fittest individual and the average fitness
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This section details the result of the calibration tests. In these tests, the GA is executed
several times with variation of a single parameter such as population size. Monitoring of
the fitness progression and total execution time allows for experimental determination
of optimal settings for the GA.
8.3.1.1 Population size
These tests determine the optimal population size for effective and efficient running of the
algorithm. Five settings were used: 50, 100, 200, 250 and 500 individuals per generation.
In each test a limit of 100 generations was set. Termination of the GA in each case is
determined by the time stamp of the final generation, achieved either through reaching
the limit of 100 or by saturating the detector. Total run time is calculated as the time of
termination minus the time of the first command sent to the DM as the GA initialises.
Population size Run time Final fitness Fitness gain Fitness/minute
50 10:08 7.39 5.88 0.58
100 13:33 10 8.49 0.64
200 39:59 9.22 7.71 0.19
250 56:05 9.50 6.75 0.12
500 01:17:47 7.54 4.89 0.06
Table 8.6: This table shows the run time for 100 generations with various population
sizes. Also displayed is the total gain in fitness from the initial value to the final value,
and a measure of fitness gained per minute of running time.
Tab. 8.6 shows the total running time of the five experiments. Fitness gain refers to the
fittest value achieved at the termination of the algorithm minus the fitness of the initial
command sent to the DM. Predictably, the lowest run time of just over 10 minutes is
achieved by the GA running the smallest population size of 50. A respectable fitness
value of 7.39 is achieved here, though it is the lowest of the reported final fitness values.
The fitness per minute is calculated as 0.58, which is the second highest value.
The GA with a population size of 500 ran for the longest time (1 hour 17 minutes)
and was terminated manually at generation 57. It was evident from the data that a
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population of this size was a detriment to the overall efficiency of this algorithm, given
the fact that the smaller population GAs achieved much higher fitness values in a greatly
reduced period of time.
Running a population size of 100 appears to be optimal as it reaches the maximum
achievable fitness value in a little over 13 minutes. This iteration has the highest fitness
gain and fitness per minute values, meaning it converges on the solution quicker than
the other experiments.
These calibration results make it clear that the defining factor for efficiency is the number
of reproduction cycles that occur within the shortest period of time, as seen with pop-
ulations of 50 and 100. For an increase in effectiveness, a larger population is required
for more diversity, though this can drastically reduce run time.
Fig. 8.24 shows the rising maximum fitness value per generation for each GA with
varying population size. The experiment using a population size of 500 can be seen
to terminate early due to its inefficiency. Reaching the maximum fitness value of 10
signifies saturation of the detector, and this is achieved by the GA using a population
size of 100 in generation 69 after 13 minutes and 33 seconds. Using the results in Tab.
8.6 and Fig. 8.24, it was decided to proceed with a population size of 100 for future
experiments.
8.3.1.2 Crossover/mutation chance
The results of experiments to test the effect of mutation chance on peak fitness over 100
generations are shown in Fig. 8.25. Somewhat surprisingly, the higher mutation chances
appear to have a greater beneficial effect on the progression of the GA over time.
8.3.1.3 Injection frequency
Three tests were conducted to assess the effectiveness of population injection after 10,
20 and 30 generations. The experiments ran for 60 generations each and the results are
presented in Fig. 8.26. From the chart it is clear that higher frequency injections have a
greater positive effect on peak fitness in the short to mid term. After 60 generations, all
three experiments terminate with similar peak fitness. The experiment with injections
after 30 generations experiences a different growth pattern to the other experiments,











































































































































































Figure 8.26: Graph displaying the effect of modifying the frequency of the injection
of random individuals into the population over 100 generations.
These experiments were inconclusive with regards to the effect of injection frequency on
peak fitness in the long term. It was decided to progress with injection frequency of 10
for faster growth.
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8.3.2 Experiment without injection
After calibration, the parameters were set as shown in Tab. 8.7. The experiment was
run 10 times and the results recorded. At the initialisation of every experiment, the
same seed command was sent to the DM, which reported the same starting fitness value
of 1.11.
Initialisation Population size 100
Chromosome length 52
Gene pool -1 to 1




Elite size 5 %
Injection size NA
Generations till injection NA
Termination Fitness threshold 10 (saturation)
Maximum generations 100
Maximum runtime NA
Table 8.7: Table showing GA parameters for a experimentation with population size
of 100. For these experiments, the periodic injection of random individuals has been
disabled.
Fig. 8.27 shows the peak fitness per generation for each of the 10 experiments. It can be
seen that the maximum fitness value was achieved in 8 out of the 10 experiments, with
one experiment reporting an abnormally low maximum fitness of 6.88 and exhibiting
slow growth throughout the run time.
Fig. 8.28 shows the fitness over time data plotted on the same graph for comparison.
It can be seen clearly here that experiment 9 experiences an abnormally slow growth
rate when compared with the others. Also evident from this graph is the experiments
reaching maximum peak fitness experience one or more large increases in fitness during
the run time. Experiment 7 also shows two sharp increases in peak fitness, though it
appears to plateau early at a value of 7.62.
8.3.3 Experiment with injection
A further set of experiments were performed with injections enabled. The configuration
was similar to the experiments described in section 8.3.2. Tab. 8.8 describes the param-
eters used for these experiments. Note that injections occur every 10 generations and
comprise 50% of the population created during the reproduction cycle.
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Peak fitness over 100 generations (5)
Peak fitness over 100 generations (6)
Peak fitness over 100 generations (7)



















































Peak fitness over 100 generations (10)
Figure 8.27: Graphs showing the results of running the GA with a population size of
100 for a total of 10 times. The GA achieves saturation of the photo-detector 8 times.
Initialisation Population size 100
Chromosome length 52
Gene pool -1 to 1




Elite size 5 %
Injection size 50%
Generations till injection 10
Termination Fitness threshold 10 (saturation)
Maximum generations 100
Maximum runtime NA
Table 8.8: Table showing GA parameters for a experimentation with population size
of 100. Injection of randomised individuals occur every 10 generations and comprise
approximately 50% of the total population after reproduction.
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Figure 8.28: Graph showing fittest values of each generation for population size of
100. Experiment was run 10 times, each represented by a single line in the chart.































































Peak fitness over 100 generations (5)
Peak fitness over 100 generations (7)


















































Peak fitness over 100 generations (10)
Figure 8.29: Graphs showing the results of running the GA with a population size
of 100 for a total of 10 times. In these experiments, an injection of random individuals
occurs every 10 generations and the average fitness is displayed in red. A sharp drop
in average fitness occurs immediately after an injection.
Fig. 8.29 shows the outcome of the 10 experiments with injection enabled. The up-
per portion of each graph (shaded green) is the value of the fittest individual for each
generation. The lower portion (shaded red) is the average fitness of the population.
Note that after every 10 generations there is a sharp drop in average fitness. This is the
expected (and desired) effect of injection a group of randomly generated individuals into
the population during reproduction. In Fig. 8.29, experiment 8 shows a long period of
stagnation wherein the peak fitness has not increased significantly. Eventually, directly
after an injection event, there is a sharp increase in peak fitness bringing the GA to an
optimal state. This demonstrates the long term value of periodic injections of random
individuals when progression stagnates.
Fig. 8.30 shows the increase in peak fitness for all 10 experiments with injection en-
abled. When compared with the results in Fig. 8.28, there appears to be a much faster
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Peak Fitness no inj























Peak and average fitness over 100 generations with and without periodic injection
Figure 8.31: Graph showing a comparison of GA experiment with and without in-
jection. The blue and yellow regions represent the peak and average fitness of the GA
with injection enabled, respectively. The green and red regions represent the peak and
average fitness of the GA without injection enabled, respectively.
in each set of experiments where a low peak fitness was achieved: the lowest fitness
reached without injection was 6.88 in experiment 9. With injection, the lowest peak
fitness achieved was 7.62 in experiment 7.
In the experiments without injection, Fig. 8.28 shows that 4 experiments reached satu-
rated in under 30 generations. With injected enabled, Fig. 8.30 shows that 6 experiments
reached saturation in under 30 generations, a notable improvement.
8.3.4 Sensitivity
The sensitivity of the GA was tested by reducing the optical power by half and then
half again. These experiments test the performance of the GA in situations where little
light is delivered to the photo-detector.
Optical power returned to the photo-detector was first reduced by half. This was done
by tuning down the forward current of the SLD controller and observing the response
of the photo-detector to back reflected light using an oscilloscope until half power was
achieved. SLD forward current was reduced from 110 mA to 75 mA. Experiments were
conducted as in section 8.3.3 5 times. Fig. 8.32 shows the results of the 5 experiments
with half optical power.




























Figure 8.32: Graph showing the results of the sensitivity experiment with the SLD
power halved.
It can be seen that the GA is unable to saturate the detector, and all experiments
produced a fitness result under 8. This loss in photocurrent is to be expected with
the reduction of optical power in the system. It is promising that the GA continues to




























Figure 8.33: Graph showing the results of the sensitivity experiment with the SLD
power quartered.
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In the same manner, the optical power was reduced by half again so that total power
returned to the photo-detector is a quarter of that reported in sections 8.3.3 and 8.3.2.
Forward current of the SLD was reduced to 64 mA. Fig. 8.33 shows the results of these
5 experiments. The figure clearly shows the fitness is approximately half that shown
in Fig. 8.32. Experiment 1 performed poorly, however three experiments achieved over
3.5, with the remaining experiment 3.25.
Experiments were also conducted using the AO closed loop with half and quarter power.
In each case, the exposure time of the WFS was increased and the correction achieved
was degraded. The closed loop was not able to exceed the performance of the GA in
either case, with respect to intensity of detected light.
8.3.5 Robustness
The primary issue with GA is the total execution time, which can cause problems if
there is variability in the system within the run time. An example of variability for these
experiments is the movement of the object or drifting in the alignment of the optics. The
following experiment tests how robust the GA is to change. During execution, when the
GA reaches saturation or plateaus, the object is manually shifted out of focus using the
micrometer screws. The response of the GA is then observed to determine if recovery is
possible.
With the object in focus, the GA may achieve an optimised state. At this point, the
object will be moved 250 µm backwards with respect to the objective lens. Once the GA
settles on a new state, the object will be moved 500 µm forward. This tests whether the
GA can compensate for ±250 µm defocus, and also if it can compensate for the greater
movement of 500 µm. One further test will be conducted by moving the object forward
by a further 500 µm, for a total of 750 µm defocus. To observe the long term effects of
these movements, the generation limit was increased to 200.
Fig. 8.34 shows the result of the robustness experiment. The GA achieves saturation
early at generation 12. Just prior to generation 32, the GA was paused and the object
moved back by 250 µm and then the GA was resumed. It can be noted that the peak
fitness drops sharply from 10 to 5.74, and the average fitness drops from 5.32 to 4.15.
The GA recovers quickly: at generation 42 the detector is saturated again with peak
fitness 10 and average fitness 6.91. At generation 48 the GA was paused and the object
moved 500 µm forward and the GA was resumed. Peak fitness drops to 3.55 and average
fitness drops to 1.61.






























































































































































































Figure 8.34: Graph showing the results of the robustness experiment. At the three
points indicated on the graph, the object was physically moved out of focus of the
objective lens and the results observed.
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By generation 62 the GA has recovered again, reaching peak fitness of 10 with an average
fitness of 4.83 (just after an injection). At generation 75 the final movement of 500 µm
forward was performed, reducing peak fitness to 0.44 and average fitness to 0.4.
8.3.6 Experiment at 1060 nm
Finally the GA was tested using the swept source centred at 1060 nm. For this experi-
ment, the APD was replaced with the DC monitor output of a balanced photo-detector
(ThorLabs) normally used for SSOCT imaging. Since the sensitivity of this detector
is much lower than that of the APD, the output is sent via a pre-amplifier (Stanford
Research) and a gain of 200 is applied. There are some uncommon elements in the
path travelled by the 1060 nm beam when compared with the 830 nm beam. The GA



















Fitness progression over 100 generations at 1060 nm
Peak Fitness
Average Fitness
Figure 8.35: This diagram displays the results of the genetic algorithm as it achieves
optimisation of the wavefront through measurement of 1060 nm light using a low-gain
photo-detector. The blue region describes peak fitness levels per generation, and the
red region is the average fitness.
Fig. 8.35 shows the results of the GA using the 1060 nm source and low sensitivity
photo-detector. Immediately obvious is the low overall fitness levels, indicating much
less photocurrent produced by the detector due to the low sensitivity. From an initial
fitness value of 0.54, the GA manages to achieve around 1.89 by termination. This is
an increase of 3.45 times more power to the detector than was achieved using the closed
loop AO with a wavefront sensing wavelength of 830 nm and an imaging wavelength of
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1060 nm. The variance of the peak fitness between generations can be attributed to the
lower SNR when compared with the experiments using 830 nm SLD and an APD.
8.3.7 Resolution
The final determination for the effectiveness of the GA for wavefront optimisation is the
measurement of imaging resolution and quality. A test was conducted using the GA to
achieve correction with the 830 nm source as guidance, and then a USAF target was
placed as an imaging object. An SLO image was acquired using the 830 nm SLD and
compared with an image acquired of the same target after the closed loop correction
generated using the commercial software was set.
Figure 8.36: Image of the USAF resolution target acquired using 830 nm SLO. This
image was acquired after bringing the system to a corrected state using CASAO’s closed
loop.
Figure 8.37: Image of USAF resolution target acquired using 830 nm SLO. This
image was acquired after bringing the system to a corrected state using the GA.
The two images are incredibly similar, though Fig. 8.37 appears to resolve finer detail
on the glass slide. It can be seen that transversal resolution was unaffected by the GA
optimisation process.
Fig. 8.38 shows the lateral position from both images of the USAF target selected for
profiling. Fig. 8.39 shows the intensity profile along groups 1 to 6 on the USAF target.
The distance between two bars in group two is measured to be 29 pixels, and 34 pixels
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Figure 8.38: Figure demonstrating the location of the profiles seen in Fig. 8.39 and
8.40 from the images in Fig. 8.36 and 8.37.
Figure 8.39: Intensity profile of the USAF target after normal closed loop acquisition.
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Figure 8.40: Intensity profile of the USAF target after GA correction.
between two bars in group six. Fig. 8.40 shows the profile taken from the USAF image
after the GA optimisation. Though the image is displaced slightly, groups two to six
are still visible. Noteworthy is the uniform intensity across all these groups, unlike the
drop in intensity for later groups as seen in Fig. 8.39. Additionally, the bars are closer
together indicating better resolution. Group two bars are spaced 25 pixels apart and
group six bars are spaced 29 pixels apart.
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8.4 Conclusions
The results demonstrate that the GA is effective as a tool for injecting light into fibre
through wavefront optimisation without any sensing equipment required. It can be seen
that the algorithm is capable of converging upon a solution that matches or exceeds that
produced by the closed loop of the commercial software. This determination is made by
examining a single, simple variable - the intensity of light backscattered from the object
and coupled by fibre to a photo-detector.
The performance of the GA is measured by its efficacy and efficiency. A direct com-
parison of the solution produced by the GA and that of the closed loop shows that the
GA achieves greater return of light to the photo-detector, without compromising the
wavefront and therefore the imaging resolution. With favourable input parameters, the
GA is able to converge upon an optimal solution very quickly - in some cases under a
minute (Fig. 8.29). Though the closed loop itself is very quick - achieving correction
in under 10 seconds - it may only be achieved after several time-intensive preparatory
steps are performed (section 5.2.5), which may take several minutes.
A key advantage of the GA technique is the use of the imaging beam as the guidance
for optimisation. In the case of the AO-SLO/OCT system presented in previous chap-
ters, wavefront sensing was performed at 830 nm and imaging was often performed at
1060 nm. The wavefront sensing and imaging paths had several non-common optical
elements, possibly resulting in a loss of correction potential as the WFS would be blind
to the uncommon part of the optical path and cannot compensate for these aberrations.
Further, the process of optimising the wavefront as detected by the WFS may shift the
imaging beam away from the coupling fibre end, resulting in a loss of light on the photo-
detector. This may occur if the two beams are not perfectly superposed throughout the
common path.
Using the imaging beam as the guidance for correction has a second important benefit.
With the redundancy of the wavefront sensing arm of an AO setup, the WFS and other
optical components may be removed from the optical configuration. The removal of the
WFS, telescope, beamsplitter, SLD and other interface optics will result in a smaller,
more compact system that is also cheaper and easier to maintain.
Finally, credit must be given to the GA technique for its robustness and versatility when
compared with the closed loop. The commercial software will only operate effectively
when the object is a scattering target placed very closed to the focus, using a static beam.
The intensity of backscattered light on the WFS is critical to accurate measurement,
and a large portion of the pupil must be illuminated. Erroneous contributions to the
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wavefront measurement caused by back reflections from optical elements degrade the
quality of the measurement, often making correction impossible. For objects that are
weakly reflecting, the exposure time of the WFS must be increased, which also brings
additional noise. The GA has proven effective in high and low light intensity situations,
producing a result with such low detected light that the closed loop failed to achieve
a solution. Further, the GA operates even with highly specular objects and with a
scanning beam. Finally, Fig. 8.34 shows that the GA is still able to perform even when
the object is placed far from the focus. Even if the object is moved out of focus whilst
the algorithm is operational, the GA is still able to recover fully for small movements
and partially for larger movements (a maximum shift of 750 µm was tested in section
8.3.5). This is impossible for the closed loop software to achieve.
8.5 Evaluation
There are disadvantages inherent with the GA technique. The key disadvantage of any
GA is the cost of time, as the algorithm must ’train’ for several generations before
optimisation progresses. For small systems this may not take long, however GAs will
scale poorly with larger systems. The GA presented in this chapter was able to find
solutions in a matter of minutes given the parameters provided, however this is still only
effective against objects that are largely stationary. Fig. 8.34 shows that the GA is able
to react to a moving object, however it is far too slow for the GA to provide accurate
live correction from a rapidly moving target such as the human eye.
It is conceivable that a fast, low-population GA could provide some benefit for in-vivo
eye imaging. Though the eye is moving constantly, given a suitable fixation and fast
enough evolution process, the GA may still be able to achieve an improvement in signal.
In this case, the relative fitness measurements of individuals in a population may be
less accurate due to eye movement, however the overall population should slowly tend
towards higher fitness. Future work would involve testing a faster GA on the fixated eye
to see if there is some improvement over time.
Aside from DMmanipulation, there is the possibility of GA being used for software-based
AO correction. Research has been conducted into improving the resolution and image
quality post-acquisition through software algorithms [184], and GA could potentially be
employed to do the same. The fitness measurement for this GA would be a weighted




The projects presented in this thesis are focussed on the use of AO for the improvement
of imaging with confocal microscopy and OCT. Emphasis has been placed on imaging
of biological tissues in-vivo, with the eye in particular being a subject of great interest.
The research has explored multiple modalities and techniques with AO being the core
principle that underpins the whole venture.
The first four chapters provide an introduction to the experimental works in this thesis.
The theory presented in chapters 2 to 4 provide context to the fields of microscopy,
adaptive optics and OCT.
Chapter 5 introduces the experimental work with AO integrated into a confocal micro-
scope system. Particular attention was paid to the capacity of the WFS to determine
wavefront aberration, and the capability of the DM to compensate for the detected er-
rors. A brief review of a legacy AO-SLO/OCT system was conducted, identifying the
strengths and weaknesses of such a configuration. The concept of non-planar folding of
mirrors to reduce astigmatism was discussed, and a new design incorporating this idea
was presented. The new system was fully detailed and characterised, and the perfor-
mance of the AO was evaluated. As a demonstration of the potential of this system, high
resolution images were acquired from living tissue. In particular, high quality images of
the retina were presented with photoreceptors visible and well defined.
Chapter 6 is a presentation of work published in the Journal of Biomedical Optics. This
project was an attempt to simulate the dynamic focussing potential of using a DM to
shift the confocal gate whilst imaging in the spectral domain. With the capabilities of
the AO to compensate aberrations well documented in chapter 5, the focus of chapter 6
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was on exploiting the DM to induce aberrations dynamically whilst imaging. The DM
was used to first correct the wavefront, and then to incrementally add defocus aberration
such that the confocal gate was shifted deeper into the object. The system was capable of
achieving this in real-time during imaging with a swept source at 100 KHz sweeping rate.
Many sequential images were acquired as the confocal gate was shifted, and then fused
together to create an image wherein all axial regions are in focus. The improvement was
evident in the phantoms, though less pronounced with highly scattering thick biological
samples such as the Drosophila. Regardless, the principle of achieving Gabor filtering
in spectral domain using a DM was presented experimentally with good result.
Chapter 7 is an exploration into MSI OCT. The AO in this case took a passive role after
the initial correction, as in chapter 5. With the high transversal resolution afforded by
AO, and the high axial resolution as determined by the swept source, MSI was used as an
optical depth sectioning tool for specular and biological samples in-vivo. The capability
of the MSI method to produce a set of en-face images at multiple depths simultaneously
in the spectral domain is a great benefit. Further work in this field was briefly discussed,
as the DM could again be used to shift the confocal gate to the desired depth during
live depth sectioning using MSI.
Chapter 8 is a slight departure from the principles of OCT and optics itself, and focusses
heavily on the capabilities of the DM. The issues of an AO system reliant upon a WFS
are discussed, and a solution is presented that eliminates the necessity for a WFS. A
GA is presented that automatically determines the optimal configuration of the surface
of the DM, as determined by light coupled back to a photodetector. The effectiveness
of the GA in accomplishing this task is demonstrated in the results, and the GA is
comprehensively characterised.
9.2 Achievements
Across all the works presented in this thesis there have been a number of significant
accomplishments. A new AO-SLO/OCT system was constructed based upon modern
design philosophies, particularly that of non-planar mirror arrangement [150] for reduc-
tion of astigmatism aberration. This configuration was capable of achieving a wavefront
error of 0.002 µm RMS, the best possible result achievable by the hardware as shown
in Tab. A.1. Transversal resolution of this imaging system was better than 2 µm in air,
enabling the accurate imaging of photoreceptors in-vivo. The system was designed to be
expanded for different purposes - chiefly being the implementation of OCT. Using the
same 830 nm broadband SLD light source, a time domain OCT system was integrated
into the system.
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The versatility of this system was demonstrated in later chapters as additional modalities
and technologies were used. A 1050 nm broadband source was used with a custom APD
to create confocal images, and the addition of a spectrometer led to Fourier domain
OCT imaging. This channel later upgraded to a swept source OCT system at 1060 nm,
allowing for much faster imaging rates (in excess of 50 FPS) with higher sensitivity (over
100 dB). The AO was still capable of providing exceptionally high transversal resolution.
Experimentation with the DM yielded results in the form of a Gabor filtering design
for SS-OCT imaging. Defocus aberration was modified on-the-fly whilst B-scans were
acquired to sweep the confocal gate through the depth of the sample. Further exper-
imentation culminated in an AO system that dropped the requirement for the WFS
by using a genetic optimisation algorithm to guide the DM into a good configuration.
Through the implementation of the MSI principle, the AO system was employed to
acquire multiple live en-face images at a range of depths.
The sum total of this research is a highly versatile system capable of exceptional reso-
lution and imaging speeds, with the capacity to self-correct the wavefront without the
use of a sensor and the possibility to image at multiple depths simultaneously whilst
retaining control of focussing using the DM.
9.3 Evaluation
There were a number of problems that hindered the progress of this research, with the
AO being the chief among them. Being a commercial hardware and software suite, the
AO operated largely as a closed ’black box’ system with the internal functions being
obscured from the end user. The entire AO process, starting with the capture and
determination of the wavefront and terminating in the manipulation of the DM in a
feedback loop, is abstracted. When the AO fails to find a correction, it is a difficult task
to diagnose the problem.
The core concept of the Shack-Hartmann is valid, however there are many problems
with implementation. Ambient light in the environment, or light backscattered from
imperfect or unclean optics, entering the WFS confuses the measurement and the AO
often reaches a failure state quickly. In addition, when the WFS detects an error, it is
blind to the location of this error. A wavefront detected to have high tilt aberration
(for example) may be due to the interface optics, the orientation of the sample to the
objective lens, or even the orientation of the WFS to the backscattered light from the
object. Tilt in this case could be eliminated by adjusting the tilt of the object or
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the WFS, thus satisfying the measurement produced by the WFS but producing an
uncertainty in the placement of the optics.
Control over the wavefront was possible using the commercial software provided, however
there were limitations that prevented use of CASAO for experimental work with the
DM. The research presented in chapter 6 required rapid adjustment of the defocus
aberration in synchronism with the imaging software in LabVIEW. This necessitated
the development of custom software to rapidly send a series of commands to the DM
independently of the CASAO software. The closed loop was also incapable of achieving
a good correction if the object was not positioned exactly in the focal plane. The results
presented in Fig. 8.34 demonstrate that it is physically possible to manipulate the DM to
achieve good correction despite the deviation of the object from the focal plane, however
CASAO would fail in this instance due to a blurred wavefront image.
The greatest disappointment of this research was the inability of the AO to consistently
provide correction from the eye in-vivo. Many attempts were made to run the closed
loop correction from the eye, though many resulted in erratic behaviour and a swift
convergence to a failure state. Many preparatory steps were taken to maximise the
effectiveness of the AO - the eye was dilated, the room was darkened, the eye was
stabilised with fixation and the exposure time of the WFS was increased - but nothing
resulted in consistent success.
Eventually, the 90/10 beamsplitter was replaced with a 50/50 beamsplitter, increasing
light returned to the WFS at the cost of signal received by the APD. The reliability
of the AO was greatly increased, and it could more frequently achieve a noticeable
improvement. There remained an issue that the AO was not consistent enough in its
operation. Though the AO often failed when running closed loop on the eye, good
images were still obtained by first running the AO closed loop on paper and freezing the
state of the DM for eye imaging.
9.4 Future work
The primary objective for any future work would be to establish the AO operational
on the eye. It cannot yet be determined what the cause of the problem is, however
several solutions have been considered. Potentially the light returning from the eye to
the WFS is too weak, and the increased gain of the WFS results in too much noise.
This would cause an inaccurate wavefront measurement and could result in a failure
of the AO. In this case, the 90/10 beamsplitter might be replaced with a beamsplitter
that has a more generous splitting ratio. Since APDs are very sensitive, the loss of light
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returning to the photodetector should be insignificant, especially when compared to the
gain in sensitivity achievable by a properly corrected wavefront. It is also true that a
more sophisticated method for stabilising the head and fixating the eye could benefit
the wavefront measurements.
MSI was used in chapter 7, though there exists much more potential in this method. It
could be interesting to manipulate the focus using the DM whilst imaging with the MSI
method. In addition, more powerful GPUs or even FPGAs could rapidly expand the
potential of this technology in the near future.
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Appendix A
Mirao 52-E specifications
Dimensions 64 x 64 x 23 mm
Weight 0.49 kg
Pupil diameter 15 mm
Number of actuators 52
Inter-actuator voltage ± 1 V max in each actuator
Sum of absolute voltage values < 25 V
Input intensity 0.65 A max in each actuator
Coating Protected silver
Reflectivity λ in [410 nm, 560 nm] : > 95 %
λ in [560 nm, 800 nm] : > 98 %
Rise time1 ≤ 6 ms
Hysteresis < 2 %
Linearity > 95 %
Wavefront quality in active flat configuration 0.02 µm RMS2
Table A.1: Specifications of the Mirao-52e
Dimensions 230 x 245 x 90 mm
Weight 3 kg
Main input voltage 100 to 240 V AC
Main input frequency 50 to 60 Hz
Actuator output voltage ± 1 V max in each of the 52 channels.
Sum of absolute voltage values < 25 V
TTL trigger output voltage TTL 3.3 V
TTL trigger signal duration 1 ms
Working temperature 15◦ to 35◦C
Fuses Two fuses 240 V / 4 A / φ 5 mm / L 20 mm
Impulse withstand (overvoltage) category Cat. II
Compliance to international standards IEC 61010-1:2001 (EN 61010:2001)
IEC 61326-1:2005 (EN 61326-1:2006)
Table A.2: Specifications of the electronic control unit for Mirao-52e
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11 19 27 35
5 12 20 28 36 43
1 6 13 21 29 37 44 49
2 7 14 22 30 38 45 50
3 8 15 23 31 39 46 51
4 9 16 24 32 40 47 52
10 17 25 33 41 48
18 26 34 42
Table A.3: Actuator layout of the Mirao-52e
Appendix B
SLD data sheet
Figure B.1: Specifications of SLD emitting light with central wavelength 830 nm.
211
Appendix C
LabVIEW implementation of the
genetic algorithm
This appendix provides a diagrammatic overview of the LabVIEW code implementation
of the genetic algorithm as discussed in chapter 8. The caption for each figure gives a
brief description of the function for each snippet of LabVIEW code.
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Figure C.1: Start Evolution.VI is the primary VI to execute when running the GA.
This VI is responsible for setting the starting parameters of the GA, opening commu-
nications with the DM, creating log files and the random starting population from a
seed file.
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Figure C.2: Generate Random Population From Seed.VI will import an XML file
acquired from CASAO. This file contains a set of command values that determine the
voltages applied to each actuator in the DM. The VI will generate a number of 52-length
1D arrays equal to Population Size by adding random numbers to the seed file.
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Figure C.3: Main Loop.VI is where the majority of the GA functionality occurs. This
VI will remain active until the GA terminates. In this VI there are calls to various sub
VIs that determine the fitness of a solution and initialise the reproduction cycle. Also
seen in this VI are the various code fragments used to generate logs and reports during
GA execution.
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Figure C.4: Generate Random Population.VI is similar to Fig. C.2 though it does
not require a seed file to generate a random set of individuals.
Figure C.5: Random Number.VI generates a random number between two given
limits and is used for many functions in the GA.
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Figure C.6: Read CASAO Command Values.VI is responsible for reading the XML
files output by the CASAO software. This VI reads through the file to find the tags for
the command values, and exports them as an array of doubles.
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Figure C.7: Get individual fitness.VI calculates the fitness value of a given individual.
Figure C.8: Get Fittest Individual.VI will sort through the population of individuals
and select the one with the highest fitness.
Figure C.9: Log Entry.VI will create an entry in the log file for the current individual
with all its relevant information, including values and fitness level.
Figure C.10: Select Fittest N Individuals.VI will sort through the population and
select the top N fittest individuals.
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Figure C.11: Rank Selection.VI is the method used to select two parents for breeding.
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Figure C.12: Crossover 1 Point.VI takes two parent individuals, randomly determines
a crossover point and then cuts these parents, splicing them together to create a child.
Figure C.13: Mutate 1 Point.VI takes a single parent individual and selects a single
value in the array to change.
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Figure C.14: Generation Report.VI provides information for each generation such as
time stamp, highest fitness and average fitness.
